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I

SUMMARY

A small high-temperature cooled radial turbine rotor has
been designed for operation at 2300°F and manufactured utilizing
the AiResearch laminate process. The laminate design estab-
lished represents a good balance between aerodynamic and mechan-
ical design which satisfies the major Army design requirements:
a design efficiency of 86 percent versus a predicted efficiency
of 87.2 percent, a design life of 5000 hours versus a predicted
life of 8500 hours in stress rupture, and a low-cycle-fatigue
life of 6000 cycles versus a predicted life of 7600 cycles.
Also, the maximum metal temperature at the blade tip was held at
1650 0F with a bulk average temperature of 1325°F. The inherent
flexibility of the laminate process has provided an optimized
blade cooling design with a high bulk-metal effectiveness of
0.54.

Three rotors were manufactured in this program using the
AiResearch laminate process. During the prototype fabrication,
considerable progress was made in optimizing the process to
improve producibility and reduce cost. Milestones in the pro-
cess development include: developing production methods for
laminate quality Astroloy sheet; developing an accurate means of
measuring chemically milled sheet thickness; developing an
improved photochemical machining process utilizing dry-film
photoresist; improving cleaning procedures, bond tooling, and
bond furnace control; and demonstrating that a hot isostatic
press (HIP) cycle can heal porosity and/or unbonded areas and
improve yield.

A production cost study was completed for a modest produc-
tion rate of 50 rotors per month, and the cost to the Government
in 1980 was estimated to be $4,250 per wheel. This low manu-
facturing cost was considered by AiResearch to be well below
that of any cast or machined configuration with comparably high
cooling and aerodynamic performance. Further cost reductions
are considered possible through minimizing the number of lami-
nates by utilizing one-piece end-plates on the inlet portion of
the rotor and on the exducer and shaft extension, and by devel-
oping a plated boron coating method to replace the Borofuse®
boriding process used.

A series of whirlpit tests was conducted to evaluate the
mechanical integrity of the rotor. These tests included over-
speed, growth, and burst testing up to 126-percent speed and
Stresscoat testing to evaluate stress concentrations. A
6000-cycle test was successfully completed in a whirlpit test
facility at 119 percent of design speed (87 krpm) to assess the
low-cycle-fatigue characteristics of the rotor. Periodic fluo-
rescent penetrant and dimensional inspections of the rotor were
conducted during and after the cyclic testing, and the turbine
rotor was free of defects and was dimensionally stable through-
out the testing.
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PREFACE

This final report was submitted by AiResearch Manufacturing
Company of Arizona, a division of The Garrett Corporation, under
Contract DAAJO2-77-C-0032. The effort was sponsored by the
Applied Technology Laboratory, U.S. Army Research and Tech-
nology Laboratories (AVRADCOM), Fort Eustis, Virginia, with
Mr. Jan M. Lane as the contracting officer's technical repre-
sentative. Mr. R. W. Vershure, Jr., of AiResearch was tech-
nically responsible for the work. He was assisted by
G. D. Large, Aerodynamic Design; L. J. Meyer and J. C. Mays,
Heat Transfer; D. G. Finger, Stress Analysis; and M. J. Egan,
Advanced Materials and Process Engineering.
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SECTION I

INTRODUCTION

This report provides the results of the Cooled Laminated
Radial Turbine Demonstration Program, which was conducted under
Contrdct DAAJ02-77-C-0032 between the Applied Technology Labor-
atory and AiResearch. The objective of this 38-month program
was to demonstrate the manufacturing technology required to
economically fabricate a cooled, high-temperature, radial tur-
bine with sufficient mechanical integrity and aerodynamic per-
formance to meet future Army requirements for a reliable, low-
cost, high-performance, small gas turbine engine. The program
included the design, fabrication, and mechanical integrity test-
ing of a small air-cooled, laminated, high-pressure, radial
turbine wheel. The AiResearch laminate manufacturing process
was used to fabricate the turbine rotor. In this process,
photoetched laminates were bonded together to form a complete
wheel. This program included riechanical 2roperty testing of the
wheel blanks and definition of the final process specification
and materials specification to be used. Several wheels were
manufactured from Astroloy sheet material, and mechanical ,t.,-

rity testing was conducted in a series of proof tests utilizing
a whirlpit test facility.
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SECTION II

DESIGN

AERODYNAMIC DESIGN

Cycle Requirements

The conceptual engine contiguration established for the
cooled radial turbine is based on combining the characteristics
of the advanced 10/I centrifugal compressor with the radial
turbine requirements ot this program. The result is a 3-lb/sec
class turboshatt engine with the tollowing turbine design point
requ it ements:

Rotor Inlet Total Temperature, OF = 2300

Total-to-Total Pressure Ratio, PRt-t = 3.30

Inlet Cotrected Flow, ',."A' 1- sec = 0.633

Physical Speed, N, RPM = 73,379

Corrected Speed, N.,,, , RPM 31,811

Total-to-Total Etliciency, 1i- 0.860

Pt!l iminart' Design Consdet at Lons

The peliminary turbine a crodynamic dor.sitrn was Uased on
an optriii/zation study whit i established the attainable turbine
etticiency as a function of ,Otor inoucer tLip spf-ed ana blade
number . 'lTe optimization tchnique was Qeveloped specifically
tor highly, lodded raclial tirtine.; which ate tip-speed-limited
din, to tnri I imitation .,: :uti ent ly available materials. The
effect ot i otor tip [ on attainafle turbine ett i-incy is
Let O t ii i 5ti SLt 1tea by I 11,,J tim e i iciency to a 3. age WoK
c t.! I i .,trt , del ined 0a; t t atio of imposed work level to the
induce.r tip speed squared 'staq(. gJT Lh H2 ) . Figure 1 shows
t ,es, ct,arac to istircs ba ou on t} e test t.A.tlts of an in-nou. ,e
rc.;rc7 turbine. The. va liation -)t stage wo1 K coetticient was
a(h1iv(d ty varying turt,,ne correct,.d speed while maintaining
d,'-;n-point pressure ratio. At I00 percent design speed, opti-
mum tip speed and peak elticiency are achieved. However, at
hijnier or lower speeds, peruormance ciecreases pr imar ily lue to
rotor inot incidence. At bO percent ot design corrected speed
(positive inciuence with respect to rotor rotation), the total-
to-total etticiency decrement is 4.5 points for an increase in
staje work coefficient trom 0.90 to i.33. et the total ett1-
c iency decrement, analysi show.; that 3.4 poi ts can be attri-
buted to rotor inlet incidence. The remaining 1.2 points are a
result of higher stator loss and lower rotor reaction. Con-
versely, at higher than design speeds (higher than optimum tip
speed) stator loss decreases and Lotot reaction increaser,

I 0r
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resulting in a lower overall performance decrement. If the cen-
trifugal compressor slip factor criteria developed by Stanitz(l)
are applied to this turbine, the optimum stage work coefficient

is 0.90, which correlates well with the observed peak efficiency
(where approximately zero exit swirl was obtained).

Normally the designer is not faced with designing a turbine
with a higher than optimum tip speed. Therefore, high work
radial turbines will be tip-speed-limited, and positive rotor
inlet incidence losses will predominate.

To reduce the rotor inlet incidence losses associated with
high work radial turbines, three approaches are feasible. The
first is to adjust the inducer-to-exducer work split to allow
optimum rotor inlet conditions to be reestablished. In prin-
ciple, peak efficiency could be maintained under these condi-
tions; however, in practice this solution merely transfers the
losses to the downstream interturbine duct and turbine stages
(due to the increase in rotor exit kinetic energy and swirl).
This does not imply that a favorable trade-off between rotor
inducer loss and interturbine duct loss is not possible by
adjusting the inducer-to-exducer work split; however, this type
of analysis was beyond the scope of the current program. The
second and desirable approach is similar to the above, except
now the requirement for radial rotor blade elements is relieved.
Under these conditions, the turbine-interturbine duct system
optimization would then be a function of rotor inlet blade
angle. This type of analysis would be the logical choice for
investigating future aerodynamic performance increases for the B

cooled turbine. The third approach, and the one selected for
optimizing the cooled radial turbine for this program, is based
on radial blade elements, assumes that the downstream stages are
co-rotating, and does not consider the influence of the inter-
turbine duct. Under these conditions, analysis shows that an
optimum vector diagram for tip-speed-limited radial turbines can
be achieved which will maximize turbine efficiency. This is
accomplished by minimizing the total losses between rotor inlet
incidence and exit swirl losses. This analysis is considered
desirable for the present design even though a counter rotating
downstream turbine would be utilized and the rotor exit tangen-
tial component would not be lost. First, this procedure
increases the turbine efficiency relative to zero exit swirl,
and in doing so, maintains high rotor reaction. Secondly, the
magnitude of rotor exit swir7 introduced by this method will not
arbitrarily favor the turbine efficiency at the expense of
unduly increasing the interturbine duct loss.

(I) Stanitz, J. D., "Some Theoretical Aerodynamic Inves-
tigations of Impellers in Radial and Mixed Flow Centrifugal
Compressors," Trans. ASME, Vol. 74, No. 4, May 1952.
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The latter optimization procedure was applied to the cycle
requirements of the cooled radial turbine for a range of rotor
tip speeds and blade numbers during the preliminary design phase
of the program. The results are presented in Figure 2. Based
on rotor life requirements, mechanical analysis indicates that
the maximum allowable rotor tip speed is 1880 feet per second.
At this condition, 14 blades are required to achieve the effi-
ciency goal of b6.0 percent.

The optimized one-dimensional vector diagram for the
selected turbine configuration is presented in Figure 3. The
average exit swirl angle is -21.96 degrees. Figure 4 shows
the variation of interstage duct loss coefficient as a function
of average rotor exit swirl (based on Reference 2 data) normal-
ized by the minimum value measured. In Dovzhik's experiment,
the inlet conditions were based on uniform temperature and pres-
sure and the duct endwalls were straight. Available AiResearch
duct data is based on actual rotor exit conditions (inlet duct
conditions) with moderately curved endwalls and radius ratios
between turbines. Since the current engine conceptual layout
indicates that the cooled radial turbine interstage duct will
not require struts, a minimum loss coefficient of 0.20 was used
to estimate the duct loss with -21.96 degrees of rotor exit
swirl. With an exit absolute critical velocity ratio (V/Acr')
of 0.403, the calculated interstage duct loss is 1.61 (LP/P).

The preliminary meridional flow path corresponding to the
one-dimensional vector diagram is shown in Figure 5. In order
to minimize rotor blade surface area required for cooling, and
in addition, minimize rotor weight and inertia, a separate
analysis was conducted to determine the minimum rotor axial
length required to achieve satisfactory rotor blade velocity
distribution.

For tip-speed-limited designs, the highly loaded regions of
the rotor are predominantly in the inducer region. Therefore,
an overall rotor blade loading parameter similar to the Zweifel
loading coefficient utilized for axial rotors is currently not
utilized due to the lack of meaningful correlations. An alter-
nate approach for evaluating the solidity requirements of the
radial rotor is to examine the mean line loading distribution
through the rotor over a range of exducer lengths. The entire
blade height through the rotor is treated as a stream tube and
the continuity equations, together with an estimated rotor blade
angle distribution, determine the rotor meanline relative
velocity distribution. The condition of zero absolute vorticity

(2) Dovzhik, S. A., and V. M. Kartavenko, "Measurement of the
Effect of Flow Swirl on the Efficiency of Annular Ducts and
Exhaust Nozzles of Axial Turbomachines," Fluid Mechanics
Soviet Research, Vol. 4, No. 4, July-August 1975.
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can then be used to arrive at an estimated blade-to-blade load-
ing. This was accomplished for the cooled rotor turbine flow
path, and the results indicated that an axial length of
1.62 inches would produce satisfactory blade-to-blaue loading.
The calculated velocity distribution for this condition is pre-
sented in Figure 6.

Turbine Efficiency Prediction

The turbine performance prediction is basea on the aero-
dynamic design conditions that result from the cycle objective,
optimized vector diagram, and turbine meridional flow path.
These conditions are summarized in Table 1. Due to the com-
plex flow in radial turbines, the maximum attainable efficiency
is generally correlated with a specific speed parameter.
Specific speed relates turbine shaft speed, volumetric flow, ano
isentropic stage work in the following manner:

N(Q 3 ) 1/2

s - (H) 374

where N = rotational speed, rpm

Q = volume flow rate, t 3/sec

H = isentropic specific work, ft

Although alternate approaches to evajuating the basic profile
and secondary losses occurring in the radial turbine are fea-
sible, and indeed desirable, these alternate methods do not
offer any real advantage at this time, since the real flow phen-
omena occurring in the turbine cannot be accurately moue'Le.
However, current development in flow visualizations (LDV) and
3-dimensional viscous flow calculation techniques should signi-
ficantly increase the capabilities for correlating radial-

turbine internal losses.

NASA has conducted extensive analytical and experimental
investigations to determine the relationship of specific speea
to radial turbine efficiency(3 ,4 ). The test results(4 ) showed
that an efficiency level of 0.925 is attainable for relatively
low stage work radial turbines. This data is shown as a dashed
line in Figure 7 for an average axial and radial clearance of
0.010 inch and 2.0 x 105 Reynolds number. When this data is

(3) R-ohlik, Harold E., "Analytical Determination of Radial In-
flow Turbine Design Geometry for Maximum Efficiency," NASA
TN D-4384, 1968.

(4) Kofskey, Milton G.; and Nusbaum, William J., "Effects of
Specific Speed on Experimental Performance ot a Radial-
Inflow Turbine," NASA TN D-6605, 1972.
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TABLE 1. AERODYNAMIC DESIGN CONDITIONS.

Rotor inlet total temperature, OF 2300

Total-to-total pressure ratio 3.30

Inlet corrected flow, Wv(//6, lb/sec 0.633

Rotational speed, N, rpm 73,379

Corrected speed, N/v/j , rpm 31,811

Stage work, AH, Btu/ib 170.25

Corrected stage work, AH/0, Btu/lb 32.0

Rotor inlet tip speed, U 2, ft/sec 1880

Stage work coefficient, Xstg 1.206

Stage total-to-total efficiency, 1t-t 0.860

Specific speed, NQI/2 69.0
(J HID) 3/4B
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corrected to zero clearance with AiResearch correlations and the

tested Reynolds number is increased to 3.0 x 105, the NASA test

data is then represented by the solid line in Figure 7. Once

the turbine maximum efficiency level is determined, additional
turbine etticiency decrements will depend on the required oper-
ating conditions and mechanical constraints imposed. The etfi-

ciency decrements associated with the cooled radial turbine con-
figuration are outlined below.

0 The specific speed (Ns) ot the cooled turbine design

is 69.0. The efficiency decrement due to the effects
of friction and secondary and mixing losses in the

stator and rotor amounts to 5.2 points.

• The basic efficiency obtained from the specific speed
curve is next corrected for Reynolds-number etfects.
The efficiency correlation is based on NASA radial
turbine test results(5). Good agreement with the

experimental data was established with the following
relationship:

1 - R - /

T 0.40 + 0.6 --

1 - Base (eBase

where

71t = corrected total efficiency

7T,Base 
= base efficiency from specific speed curve

R = calculated Reynolds number, RTI

R = base Reynolds number of specific speede ,Base5

curve, 3.0 x 10

The calculated Reynolds number for the cooled radial
turbine is 3.5 x 105. Correcting the base efficiency
for Reynolds number effects results in an efficiency

increment of 0.1 point.

0 Rotor inlet incidence losses are calculated from the
optimized turbine vector diagram in the following

manner:

+ (1/K2 ) A [Optimum inlet work

2,opt i + I/K 2  sage [coefficient

(5) Nusbaum, William J., and Charles A. Wasserbauer, "Experi-
mental Performance Evaluation of a 4.59-Inch Radial-Inflow
Turbine Over a Range of Reynolds Number", NASA TN D-3835
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7 O t Ratio ot. efticiency
= p I with incidence to

';Base I|ase 2 base efficiency fromI
Bsae (12,opt -)2,i specific speed

stag 'correlations

where

= inlet work coefficient for zero incidence
loss

3stage = stage work coefficient

K = radius ratio between rotor exit and rotor
inlet.

The calculated incidence loss is 2.80 points.

" The effect of rotor shroud clearance is based on cor-
relations derived from References 6 and 7 and on in-
house test results. The peformance penalties are a
function of both axial and radial clearance. Based on
0.012-inch axial and radial clearances, the resultant
efficiency decrement is 2.30 points.

" Additional rotor clearance effects are present with
rotor scallops. The performance effects as a function
of backface clearance have recently been evaluated for
the GTP305-2 turbine. The size and scallop depth of
this turbine are similar to the subject turbine.
Analysis of the GTP305-2 backface seal design indi-
cated the minimum allowable clearance was 0.030 inch.
Applying the GTP305-2 clearance correlation to the
cooled turbine design results in an efficiency decre-
ment of 0.9 points. The correlation is shown in
Figure 8.

0 The performance effects of blade number are based on
in-house and published Pratt and Whitney data(8 ). For
the AiResearch units, the 10 splitter blades were

(6) Penny, N., "Rover Case History of Small Gas Turbines,"
SAE Paper No. 634A, Jan. 1963.

(7) Futral, S. M. , Jr., and D. E. Holeski, "Experimental
Results of Varying the Blade-Shroud Clearance in a 6.02 Inch
Radial-Inflow Turbine," NASA TN D-5513, 1970.

(8) Calvert, G. S., and U. Okapuu, "Design and Evaluation of a
High-Temperature Radial Turbine," Phase I Final Report,
USAAVLABS Technical Report 68-69, U.S. Army Aviation
Materiel Laboratories, Ft. Eustis, Va., Jan. 1969,
AD 688164.
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removed; for the Pratt and Whitney data, the number of
whole blades was changed. The AiResearch data was run
at essentially zero rotor inlet incidence and rotor
exit swirl at the 20-blade condition. The resultant
change in turbine efficiency, therefore, represents
the effect of increased blade loading as the blade
number is reduced for a given work requirement. For
14 blades, the efficiency decrement is 0.5 point.

0 The disk friction losses along the rotor backface are
estimated based on the results of the investigation
conducted in Reference 9. This work is fully
described in Reference 10. The performance penalty for
rotor backface disk friction is 0.30 point.

The predicted aerodynamic efficiency up to this point is
0.881 percent. However, the exducer cooling flow requirement
has resulted in a significant increase in blade thickness as
compared to a conventional uncooled radial rotor. With the
final thickness distribution, the exducer hub normal thickness
is 0.1838 inch and the exducer tip thickness is 0.0788 inch,
compared to 0.1400 and 0.030 inch for typical uncooled rotors.
Currently, no test data is available to assess the effect of
exducer trailing-edge blockage on radial turbine performance,
although rotor exit survey data indicates that the radial
turbine is less sensitive than axial turbines of comparable size.
In order to assess the effect of increased rotor trailing-edge
blockage, a mixing loss calculation was performed for both the
cooled radial turbine and the previously tested GTC36-200 radial
turbine. Both turbines are designed for 14 blades, and the per-
formance level of the GTC36-200 matches the NASA peak effi-
ciency. The mixing loss calculations were based on the results
of Reference II. The analysis accounted for the dump loss asso-
ciated with the sudden expansion occurring at the trailing edge,
based on the blade thickness alone. The distribution of calcu-
lated loss is shown in Figure 9 as a function of percent of
blade height. As expected, the loss level is higher over the
entire blade height for the cooled turbine. The mass average
loss for the GTC36-200 turbine is 1.5 percent (AP/P) compared to
2.72 percent for the cooled turbine, or an increase of

(9) Daily, J. W., and R. E. Nece, "Chamber Dimensions Effects
on Induced Flow and Frictional Resistance of Enclosed
Rotating Disks," J. Basic Eng., Vol. 82, No. 1, Mar. 1960,
pp 217-232.

(10) "Turbine Design and Application," NASA SP-290, Vol. 2,
pp. 131-138.

(11) Benedict, R. P., N. A. Carlucci, and S. D. Swetz, "Flow
Losses in Abrupt Enlargements and Contractions," Journal
of Eng. for Power, Jan. 1966, pp. 73-81.
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i.16 percent. Converting this inctease in relative total pres-
sure loss to an overall efficiency change results in a decrement
ot 0.90 point. The final predicted aerodynamic efficiency is
rheretere 0.872 percent.

'ie trvects of cooling fl:)w on turbine performance are
usuilly accounted for in the following manner. All rotor
internal and oisk cooling flows are assumed to do no work in
passing througn the turbine. in addition, pumping work to
accelerate the rutor-cooling flows to wheel speed is charged to
tno turbine as an efficiency penalty. For the preliminary turbine
configuration, the rotor intAcrnal cooling flow penalty was based
on pumpinij the flow to rotor exit mean wheel speed since a
trailiLng-edge dlischarge scheme was proposed. However, during
tne detai i design phase, tte cooling [low scheme was modified.

The final scheme is shown in Figure 27 and results in all tte
cooling flow discharging to the rotor shroud and backface clear-
ance regions. Test data evaluating the ettects of tip discharge
is not aviLale tot radial turbines, but has been evaluated for
a3xal turLines at AiResearch. In-houo test data shows that tne
cooled turbine ef iciency eitner iemains fairly constant or
rises sliyntly up to 3.0-percent internal cooling. This charac-
teristic is attributed to a reduction in tip cloarance losses,
which offsets the required inte. aal pumping. Tie same benf-
r,cial effects are expected to occ-ur in the radial turbine,
especially in tne exducer region where similarities between the
axial and radial turone olading are the gieatest.

For the backface couling flow, test results from both the
GTC36-2UJ and GTP3UD-2 showed tna the work done by the cooling
flow, due to acceleration througn tne rotor, offsets the required
pumping along the rotor backface. This conclusion is based on
two methods rc calculating the turbine etticiency. The first
method derives tne turbine worK based on the thermodynamic
mixing ot both cooling and mainstream ilows. The second method
is based on calculating the turoine worK from the momentum equa-
tion by integrating the rotor exit survey data and calculating
the rotor inlet tangential velocity tr',m a constant stator loss
coefficient outained with no couling. Figure 10 shows the eftects
of rotor backface cooling flow tor the GTP3U5-2 radial turbine.

On the bdui of the preceding discussion, the rotor cooling
flow penalties will be offset, and no net change in efficiency
would result oetween cooled and uncooled rotors. The turbine

efficiency prediction is summarized in Table 2.

Detailed Aerodynamic Desiqn

The aerodynamic and mechanical optimization procedure
developed for the cooled radial turbine detail design is shown
Ln Figure 11. As indicated, the procedure is iterative, and
in order to achieve an acceptable aerodynamic and mechanical
design, all elements in the design system must be satisfied.
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TABLE 2. COOLED TURBINE EFFICIENCY PREDICTION.

t-t t-t

Iiase efficiency from specific speed
correlation - Ficiure 7 0.948

Re'nclds Number effect -t Rr 3.5 x 105 0.949 +0.1 pit

Rotor inlet incidence effects 0.921 -2.8 pts

Rotor shroud clearance effects a t 0.012 inch
clearance 0.898 -2.3 pts

R tor backface clearance effects at
0.030 inch clearance - Finiure 8 0.889 -0.9 Lt

Blade nu:,ber effects with 14 bIades
0.884 -0.5 pt

Iwtor backface disk friction effects 0.881 -0.3 .t

Rotor exit blockanfe effects 0.872 -0.9 pt

Final predicted aerodynamic efficiency 0.872

Cooled Efficiency

t-t)Cooled t-t

Rotor backface cooling for 0.60 percent
cooling flow 0.872 0.0

Rotor internal cooling flow at 4.94 percent
cooling flow 0.872 0.0

Final predicted cooled efficiency 0.872

Desion requirement 0.860
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AERODYNAMICS

INPUT

* EXTERNAL BLADE THICKNESS DISTRIBUTION
* CYCLE CONDITIONS AND OPTIMIZED VECTOR DIAGRAM

OPTIMIZE

* ROTOR BLADE VELOCITY DISTRIBUTION BASED ON:

- VARIATION OF LOCAL HUB AND SHROUD CONTOUR
- VARIATION OF LOCAL BLADE ANGLE DISTRIBUTION
- SPECIFIED LOSS DISTRIBUTION

OUTPUT

0 FLOW PATH AND EXTERNAL BLADE GEOMETRY

* LOCAL FLOW CONDITIONS ALONG STREAMLINES

STRESS AND LIFE

INPUT

0 LIFE REQUIREMENT, BURST MARGIN, RELIABILITY
0 MATERIAL CHARACTERISTICS
* ESTIMATED METAL TEMPERATURES

OPTIMIZE

* BLADE THICKNESS AND DISK S,-IAPE

OUTPUT

_ * STRESSES, DISPLACEMENTS, LIFE, BURST MARGIN

HEAT TRANSFER

INPUT

0 ALLOWABLE METAL TEMPERATURES
0 EXTERNAL BLADE PROFILE

* EXTERNAL HEAT TRANSFER COEFFICIENTS

OPTIMIZE

0 COOLING FLOWS AND PASSAGE SHAPE

OUTPUT

* INTERNAL HEAT TRANSFER COEFFICIENTS
* METAL TEMPERATURES

Figure 11. Aerodynamic and Mechanical Optimization Procedure.
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Aerodynamically, the design procedure consists of two basic
elements: thie radial blade geometry definition and internal
blade velocity distribution.

Rotor Blade Geometry Definition

The detailed design of the rotor begins with establish-
ment of rotor Z-section thickness distributions from the results
of preliminary stress, heat transfer, and aerodynamic analyses.
The thickness is specified at four rotor Z-locations: at Z = 0,
Z = "D", an intermediate locdtion, and at the rotor exducer as
shown in Figure 12.

A preliminary estimate of the rotor hub and shroud contour
is then defined from an analytical curve fitting with specified
coordinates establisheo from the one-dimensional vector
diagram. A good initial estimate of the contours can be
obtained by adjusting the curve fit until a uniform meridional
rotor area distribution is achieved. To complete the initial
definition of the rotor geometry, a blade angle definition is
established. Since the rotor blade elements are radial, speci-
fication of a blade angle as a function of axial distance auto-
matically defines the blade angle at all radii for that axial
location. In order to perform the internal rotor flow analysis,
the level and distribution of losses in the rotor must be speci-
fied. The level of losses is determined from the efficiency
analysis described earlier. The distribution of losses, both in
the through-flow and radial directions, is more difficult to
establish. Due to the lack of detailed knowledge of the internal
rotor flow field, the losses in the through-flow direction are
assumed linear. For the radial direction, previous rotor exit
survey results show that the radial loss characteristics for
radial turbines exhibit certain similar characteristics. That
is, in the hub region, the losses are low (due to lower loading
level) and progressively increase to about 80 percent of the
blade and then are fairly uniform to the rotor tip. For the
cooled radial turbine, a radial loss distribution based on
recent test data from the GTP305-2 radial turbine was utilized.
The loss level was then adjusted to agree with the predicted
performance level of the cooled turbine. The loss parameter is
defined as ( (

where Po, To are the total pressure and total temperature at the
initial state and P1, Tl are similar properties at the final
state. The radial loss distribution used for the cooled radial
turbine is presented in Figure 13.

With the preceding input data, the radial rotor geometry
program curve fits the four-station thickness distributions
along equally spaced meridional streamlines. A number of
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analytical curve fit options are available in order to match the
required thickness distribution throughout the entire rotor flow
path. To define input for mechanical and aerodynamic analysis,
the geometry program interpolates the required variables along
specified quasi-orthogonals in the through-flow direction. The
quantities at the intersection of the streamline and quasi-
orthogonals are then output to mechanical and flow analysis com-
puter programs. The radial rotor geometry program also has the
capability of providing coordinates for three types of sections
at any location in the flow path. These sections are designated
as Z, L, and R. The Z and L sections are normally used to manu-
facture and inspect the rotor blade external profile. However,
for the cooled laminated turbine, the Z sections will be gener-
ated for each rotor laminate (increments of 0.020 inch) and the
required internal cooling flow geometzy will be defined on each
laminate. The R section shows the true blade shape for a spec-
ified constant radius and is used to obtain the rotor throat
dimensions. Figure 12 defines and shows the relationship
between the three sections. The final rotor blade geometry that
satisfies the mechanical requirements and produces acceptable
aerodynamic blade velocity distributions is presented in
Figures 14 through 16.

Rotor Internal Flow Analysis

The criterion for determining aerodynamically acceptable
blade profiles is the manner in which the profile directs the
gas flow from known inlet to known exit conditions, i.e., the
blade loading. Acceptable blade loadings are characterized by:

" High reaction trom inlet to exit. Tnis condition is
initially established at the rotor meanline by main-
taining 50-percent reaction in the one-dimensional
vector diagram optimization.

" Monotonically increasing mid-channel velocities along
all streamlines.

" Minimum suction-surface diffusicn, followed when
possible by rapid accelerations.

Parameters that are adjusted to achieve these characteristics
for a given thickness and loss distribution are: (a) the local
change in rotor blade angle distributions, (b) the meridional area
distribution, and (c) the shape and curvature of the hub and shroud
contours. Characteristically, for highly loaded rotors the
rotor inlet incidence results in large local suction and pres-
sure surface diffusion in the inducer region. In addition, due
to the lower turning and streamline curvature associated with
the exducer hub regions, optimization of the rotor velocity "is-
tribution is primarily concerned with minimizing the high turn-
ing and curvature effects in the exducer mean and shroud
regions.
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The design process is initiated with the geometry and loss
distribution established from the geometLy program. The radial
equilibrium equation is then solved with the AiResearch compres-
sible flow analysis program. This program solves the radial
equilibrium equation by satisfying the equations of continuity,
momentum, and energy in the meridional plane with circum-
ferential averaging similar to References 12 and 13. Blade sur-
face velocities are then computed from the local rate of change
of moment of momentum and the condition of zero absolute
vorticity. A number of iterations between the geometry program
and flow analysis program are usually necessary to achieve
satisfactory blade loading for each thickness distribution
specified.

The final rotor blade loadings, with the thickness distri-
bution that satisfies rotor blade stress and internal cooling
flow requirements, are presented in Figures 17, 18, and 19
for the rotor hub, meanline, and shroud streamlines. As dis-
cussed previously, high loading in the inducer region is
unavoidable. However, the remaining portions of the blade
surface show acceptable characteristics. The rotor inlet and
exit vector diagrams for these three streamlines are presented
in Figure 20.

(12) Smith, L. H., Jr., "The Radial-Equilibrium Equation
of Turbomachinery," Journal of Eng. for Power, Jan. 1966,
pp. 1-12.

(13) Katsanis, T., "Use of Arbitrary Quasi-Orthogonals for
Calculating Flow Distribution in the Meridional Plane
of a Turbomachine," NASA TN D-2546, Dec. 1964.
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Figure 18. Fifty-Percent Streamline Loading with
Final Geometry.
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Figure 19. Hub Streamline Loading with Final Geometry.
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HEAT TRANSFER AND COOLING AIRFLOW DESIGN

Laminated Turbine Wheel Cooling Circuit Design

The laminated, cooled tadial turbine has been designed to
operate in a 3-lb/sec airflow class engine that aevelops approx-
imately 550 horsepower under sea-level, standard day con-
ditions. Tne cycle parameters pertinent to the cooling circuit
design at maximum power operation are tabulated below.

Rotor Inlet Temperature = 2300'F

Speed = 73,380 rpm

Core Flow = 3.173 los/sec

Compressor Discharge Temp. = 723'F

Compressor Discharge Piessure = 167.7 psia

Estimates have been made for rotor cooling flow supply con-
ditions based on the engine configuration anticipated for this
application. These estimates yielded values of 137.2 psia inlet
pressure and 750'F inlet temperature.

The cooling requirements for any conceptual scheme depend
on three variables: (a) the operating environment and stress
level, (b) the required life and mission, and (c) the material
properties. The turbine rotor has been designed for a life ot
5000 mission hours with 1000 of these at full rated power.
Early in this program, an estimate of required cooling was made
based on Astroloy laminate strength and life requirements. The
required cooling temperature difference, based on uncooled blade
metal temperatures, ranged from 200'F to 500'F, thereby illus-
trating the need for an etticient and sophisticatea system.
Laminated construction offers features with which a highly
effective design can be achieved. Potential features for a
high-performance cooling circuit design include:

0 Heat transfer augmentation with:

- Pin fin arrays
- Ribs oriented parallel or perpendicular to the

flow direction
- Impingement
- 'General surface roughness

0 ' Flow control with:

- Metering orifices
- Flow guides
- Dust holes
- Cross passage bleed to eliminate stagnant areas
- Passage size flexibility
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All of the potential cooling circuit configurations have the
main cooling supply passage location and orientation in common.
To maintain the integrity of each individual laminate during
machining, handling, and bonding procedures, a completely con-
tinuous circumferential passage is not possible anywhere in tije
rotor. Figure 21 is a possible laminate layout at a location
tnat would section a circumferential manifold in a cast design.
This figure illustrates the requirement for mechanical ties
between inner and outer portions of the laminate. Although only
a small number of ties are necessary from an assembly stand-
point, the separate supply passage for each of the 14 tiades and
the resulting 14 ties represents a better design choice. Sepa-
rate supply passages and orifices offer the potential for oalan-
cing blade flows after in-process flow checks; and tne addi-
tional ties aid load transfer from the rim to the bore of the
wheel. Cooling air supplied to each blade discharges from the
supply passage into a saddle region cavity from which it is dis-
tributed to various circuits in the blade througn metering
areas.

Cooling Scneme Iterations

Several iterations were necessary to properly allocate
cooling flows where needed, without waste, and to maintain
structural integrity in the design. It was also necessary to
minimize steep thermal gradients to avoid excessive thermal
stress. The aim tnrougnout the design phase 4as to maximize the
cooling effectiveness without undue complexity. The evo-
lutionary changes in tne design to the final configuration are
described in the subsequent paragraphs.

Two-Passage, Single-Pass, Meridional-Flow Configuration

A two-passage, single-pass, meridional-flow configuration
is shown in Figure 22. The first passage flows radially out-
ward, cooling the forward portion and leading-edge region of the
dlade, and then flows in a meridional direction, exiting at the
outer part of the trailing edge. The second passage flow enters

at the nub, flows in a meridional direction, cooling the lower
portion of the blaae, and exits out the inner part of the trail-
ing edge. Pin fins are used in all areas where additional heat
transfer is required. The density of the pin spacing is varieJ
to maintain low thermal gradients in the blade walls.

Advantages of this scheme are:

0 Good cooling efficiency and flexioility

0 Coolant discharge at a low radius

0 No interpassage coolant-flow distribution problems

11
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Figure 21. Possible Laminate Section at
Cooling Manifold Locations.
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Figure 22. Two-Passage, Single-Pass, Meridional-
Flow Configuration.
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" Extended surfaces permitting variation of inside
,neat-transfer coefficients, giving better temperature
U isti iout ions

6 Relatively light weight, reducing stresses in the
disK.

Figure 23 shows a typical blade section at a radius of
2. inches. The laminate boundaries are shown along with the
maximum cooling passage width that the blade thickness would
permit. vne ulade tnickness is a function of both mechanical
and aerodynamic requirements. initially, this was considered to
be the maximum allowable blade width. It can be seen in
FLgure 23 tmiat, because of the width restriction and also due to
tre nigh turning angle ot the blade, meridional flow becomes
/ery restiicted in the exducer region of the blade. For this
reason it was ueemed desirable to revise the cooling con-
iqguration.

Multj.lie-Passaje, Single-Pass Meridional/Radial Flow
Configuration

Because o the meridional flow restrictions discussed
'Aove, tne cooling configuration shown in Figure 22 was revised
to a multiple-passage, single-pass, meridional/radial flow con-
tiguration as shown in Figure 24.

The first passage is cooled as follows: Flow enters at the
nub and flows radially outward, cooling the forward and leading-
edge regions. Flow is then baffled in a meridional direction,
cooling the upper portion of the inducer section, and then exits
at the tip along tne shroud line. Additional flow is bled into
tnis region to scrub any potential area of stagnant flow. Pin
fins are used as required throughout this passage. Flow for the
next passage enters at the hub and travels in a meridional
direction, cooling the lower portion of the inducer. At about
mid-chord, the flow is turned radially outward, discharging at
the tip along the shroud line. The last three passages are fed
at the hub, flow radially outward, and discharge at the tip
along the shroud line.

Pin fins are used as required to give desired temperature
levels and gradients. The radial flow passages in the exducer
region of this configuration eliminate the problems associated
with meridional flow in the previous design. Test data is
available which indicates that flow discharged along the shroud
line, as used in this concept, tends to reduce the effective
clearance between the rotor tip and shroud, giving improved
aerodynamic efficiency.
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Figure 24. Multiple-Passage, Single-Pass, Meridional/
Radial Flow Configuration.
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Early in the design of this configuration, it was found
that a very high level of coolant-side heat transfer was
required in the leading-edge region which could not be obtained
with the methods shown. The leading-edge region was thus modi-
fied as shown in Figure 25.

Multiple-Passage, Single-Pass, Meridional/Radial Flow Con-
figuration With Modified Leading-Edge Region

The cooling passage in the leading-edge region in this
approach was modified, as shown in Figure 25, to give higher
coolant velocities and thus higher heat transfer than the pre-
vious design. However, the degree of heat transfer necessary to
reduce the metal temperatures to acceptable levels could still
not be obtained. The leading edge was subsequently redesigned
to incorporate impingement cooling as shown in Figure 26.

Multiple-Passage, Single-Pass, Impingement-Cooled, Leading-
Edge, Meridional-Flow Inducer and Radial-Flow Exducer

In order to obtain the high levels of coolant-side heat
transfer required at the tip, impingement cooling was incor-
porated as shown in Figure 26.

Part of the air from the forward passage is directed
through three metering orifices at high velocities, striking the
leading edge and giving high heat-transfer coefficients. This
"spent" impingement air is then discharged through slots along
tne shroud line and back face. The remainder of the forward
passage air is directed radially inward along a meridional path
to cool the upper half of the inducer section. This air is then
baffled in a radially outward direction before discharging
through slots along the shroud line. The lower part of the
inducer region is cooled the same as previously described.

The exducer region of this blade configuration consists of
radial passages, separately fed at the hub, flowing outward and
discharging along the shroud line. However, further analysis of
this design indicated that an excessive amount of cooling air
would be required. In the initial design phase, the blade
thickness limitations imposed by the aerodynamic design
restricted axial flow through the exducer. However, after
further iterations between the mechanical and aerodynamic
requirements, it was found that a slight increase in blade
thickness could be tolerated to permit a small amount of axial
flow in the exducer. A serpentine exducer region, as shown in
Figure 27, was then considered.
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Radial Flow Configura:tion with Modified
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Figure 26. Impingement-Cooled Leading Edge. Low Thermal
Gradient Side Wall Inducer Cooling, Radial
Cooled Exducer.
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Figure 27. Impingement-Cooled Leading Edge, Meridional-
Flow Inducer and Serpentine Exducer Configuration.
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Multiple-Passage, Impingement-Cooled Leadinj~ Lage, Meridiona1-
Flow Inducer, and Serpentine-Cooled FExducer

In order to get better cooling etticiency, in the exducer
region of the blade, a serpentine contiguratioi hds beer: used as
snown in Figure 27. TIhe serpentine is a tiree-pass con-
figuration entering at the hub and exiting along the shiuud
line. The inducer design configuration is the s ame as; ciiscussed
in the previous section.

The analyses of thle inducer and exducer S£ectiA , CL the
blade are discussed in detail in subsequent sect ions. _!i conl-
cept appears to meet all thermal and stress requlircmenits, and nas
thus been selected as thle final configuration.
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Analysis

Desi~n Considerationis

External thermal boundary conditions for the radial turbine
oLades were calculated at the maximum power design condition
from aerodynamic data and airfoil geometry. The computation was
performed using the standard AiResearch computer program based
ori cylinder in crossrlow and turbulent flat plate correlations.
Values of surface heat-transfer coefficient and adiabatic wall
temperature are calculated along eleven streamlines from the
olade inlet to blade exit on both pressure and suction sides of
the airfoil. A spanwise flat inlet temperature profile was
assumed for the analysis. Tables 3 and 4 present the calculated
values interpolated onto an R by Z grid for convenience in the
analysis. Some grid values are actually outside the blade out-
line and may appear to be inconsistent.

The heat-transfer and pressure-drop characteristics of
typical laminated blade construction passages are higher than
for smooth passages by varying zmounts depending upon laminate
orientation and flow direction. Prediction of these character-
istics for rough passages is a difficult problem, which has not
been treated experimentally or analytically. A literature
searcn was conducted by AiResearch to scan for geometries
similar to those produced in laminated structure passages, which
were studied in detail. Experimental work on thread-like rough-
ness has been extensive and has been utilized to develop corre-
lations for friction factor increases and heat-transfer augmen-
tation in regular rough-surfaced passages. (14,15,16,17) These
correlations have been used in cooling circuit design of the

(14) Sams, E.W., "Experimental Investigation of Average Heat

Transfer and Friction Coefficients for Air Flowing in Cir-
cular Tubes Having Square Thread Type Roughness", NACA
RME52DI7, Lewis Flight Propulsion Lab., June 1952.

15) Kolar, V., "Heat Transfer in Turbulent Flow of Fluids

Through Smooth and Rough Pipes", International Journal of
Heat and Mass Transfer, Vol. 8, No. 4, Apr. 1965, pp. 639-653.

(16) Furber, B.N., and D.N. Cox, "Heat Transfer and Pressure

Drop Measurements in Channels with Whitworth Thread Form
Roughness", Journal of Mechanical Engineering Science,
Vol. 9, No. 5, Dec. 1967, pp. 339-350.

(17) Norris, R.H., "Some Simple Approximate Heat Transfer Corre-

lation for Turbulent Flow in Ducts with Rough Surfaces",

ASME Winter Meeting, Dec. 1970, printed in ASME Publication
G76 (1970), "Augmentation of Convective Heat and Mass
Transfer".
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a ia1 lall Inated tl bi b wI'le l. ,",
oVt, Lydraul Lcally i',l t: vaiue.; vai ielu Ir (-):ii bO peicent t,
480 pcLcent torr I ict ion Iactor an1 I j) ic,-nt to 140 percent
f or heat-transter coet I icrent, dependirig on, tn,- iat t passag
Ioujrn.C;s h2 ight to ydr a Lic d iamute .

Total pressure S (2sses (due to turning in complc-x cool ny
circ it eormetrt Les can be s iglit icant for pi editing 110w r it-e
and t i (tma I pet t ormance. The Y(-oii, tr Ic par aweters 0 paosge
tot1 :en] angle, ber.0 -adus, iI" aspect ratio were usJ to
pI &,dIct d ynamic htId losses ct varIou:, polit- In the U coolii1ig
11ow circir ts.

Tte var iou.; cool rIg chemes stud i-, (, inc I ud i ng t u Li ra I
sr-ectionI, have a var ret; 0[ geometric teatLres corn[ atIble wittn,
or made possible [Y, laminiated construction. Pin tins ate o:
LectangAuar cL oss se,:r on arid canb c located in ar rays 0!
varying density as de-sireca, inrcluding interrupted arra,'s. The
minimum areas of meter ing sioles anu dust or cross-Iasssle blee(l
hole-s are limited by current laminate etch ing tech:nology. How-
ever, these areas can be rr . s _.
value. Passage heigt is also easily varieo auove a minirum
value to achieve the uesiroA citanges in flow velocit.' . or any
circuit portion in the desigri.

An examination of tue al.ternative scnemes jresented for t
iauial turbine blade cooling circ, it aesign, including the tinal
contigutation selected, accentuatcs tne importance of in-detth
analysis to obtain desired t1ow distrirrutiorw in a multiplicity
ot passages connected in series and parallel. The general
approach for solving flow distribution problems at AiResearcn,
which has been utilized for the laminated radiial t';,rbine, is a
cmputerized compressible flow n,--tworrk analysis. T,:e proceaure
considers the impact of heat transfer between the -oolant anu
passage surfaces for fixed external bounuary conLisions, fluid
friction effects, the effect or passage rotation about a reter-
ence axis, passage area changes including s acuen turns, expan-
sions and contractions, and variation in fluid transport proper-
ties. Boundary conditions at the passage exit and inlet supply
locations are used wiuh the geometry to define the flow dti;tli-
bution. In conjunction with the solutions obtained detining
fluid temperatures and pressures within the cooling circuit, a
one-dimensional heat conduction so-.,tion yields passage inner
and outer wall surface temperatures at discrete points along
each fluid passage centerline. These .olutions for blade wall
temperature have been used to make accurate estimates of final
steady-state blade temperature: that will occur at the maximum
power operating condition. The resultant olade mttal te!,tera-
tures were used for stress and Life analyses.
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*Pass a.g( (--x it boundJii y cou 1():; 4 . t- estatL I- ye i

at2r od )'lamt luiCS (I(It u: 1 3l1 i i t ta Is priur jr(e plot, el 1 11
FIig L Ir(i 2 6 1:'3 1i Ill C:lfl? JI I a I 1 aiUly i S I tijO bIiad':
circit.

bhade- [ nUSSOF Wf

Tile c'oin rl tI1 c i s pict.i''d In Figure 29, r (A. 1r4
cod ant '1,-o i Ii! tL1 jmount ()1 4.94 p-tcent ,)i co.mpresso(r d
cu!IArgje L~o t, trLect ivtcly L) the bl)ade t!, temperature Ls~

rat are accep t aLhe Ltroi a I (e-p red ic t io s tardpo int. I P,
I "d iv1 i 1, t L ow .p Iit- t o (Iac 1 porLt. i on (-of t n blIa de a r ( I
cia d . inCi --;izes otf the nuobs noted in Figjure 30 are I ist( -

T1ip 11 :iaC 0r uippr c :i r cu it in c ILud es an ot twa rd r ad il -j s
and r :n s !IIpIitLs- t ne f low into an impingement portion at t :e

eai ng edge, an(A anl inward rad ial pass por tion . Thie impingement
ra tur e -J.;receded by turbulence promotion devices annl o-,

Liicinj n is troLlow&'d bv axial :Low disonarged in two d' 'u'c-
tions. I'le r ad ialIL y i nwar d Da ssag e emp loys pin-f in ne -a'-
t rajnsr; Le p~romotlonl andl a flow guide, wnicni allows fur tip diS-
c;IiC-,us- W Ln10J introducing regions of stagnant flow behavior.
1:r1Pi) :<,!u:i ,t a t ---e l eadi ng edge pro(.v ides the h ig9n level u

cu at-.;iceieat-t ranister coetflicients necessari; to
j~ Lln ac- :tptaule metal temperatures. The "spent" air itr

impi ngj-iiin, disch-irges axially through slots along the shroud
Im.4 .)I oac, r a ce . Coolant discharged at. the s.crouu line ttjfus

to eic'~tne erifect rye gap oetween the b~ade and the shroud and
r~eimtircu aero~~dynmic pertormance. Coolant discharged at

tue o A1-*K -i,:e corresponidingly tends to till. the gap b-etween tne
ulaonunc ano tne adjacent part anc; prosuces a similar aero-

cynamic peitLrmanco, improvement.

i~f iipinge:nent coolant discharge Locat ions result in a ,-

stra ignt-ttrougn passage that can be visually inspectei and
cleaned easily. A severe ruo could occur on either the shiruud
or nub line if axial clearances are not properly establisned.
However, it is douLatful that a severe rub could occur on, both
the shroud and huro in any given wheel. Tf a severe rub occurs,
the coolant dis~charge passage could be partially or completely
closed , thus restricting coolant discharge at that location.
TPhis presents another advantage of this design since the system
will worK reasonably well with either the hub or shroud dis-
charge location completely closed. Further, the blockage can be
easily removed at overhaul. Another advantage of this leading-
edge cooling scheme isthat the blade will remain integral even
with severe leading-edge erosion or damage.

Coolant temperature increases in the flow direction because,
of heat transfer to the coolant. This fact is taken into
account )y orienting the coolant flow direction in the upper
inducer region from an area of higher external gas temperature
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at the leading edge inward to an area of lower gas temperature.
With this orientation, the required cooling capacity decreases
as the cooling capability decreases, thus facilitating attain-
ment of low thermal gradients in the walls. Extended surfaces
to further promote low thermal gradient walls are also available
where required.

The inducer lower cooling passage guides a metered amount
of flow over pin-fin arrays of varying densities, as determined
by temperature requirements, and discharges at the blade tip.
It also supplies regulated quantities of bleed to the upper
passage at locations where stagnation would otherwise occur. A
total of 2.94 percent of compressor discharge flow is used for
cooling in the inaucer section. See Figure 31 and Table 6 forboundary conditions and the one-dimensional metal temperatures
at selected stations.

Blade Exducer Region

The cooled exducer uses a total of 2.0 percent- c core flow
supplied in equal portions to each blade by a separate passage
in the wheel hub. The passage extends from the saddle region
cavity aft, just below and parallel to the blade hub line, up to
the thira circuit pass location as shown in Figure 29. The
third pass supply section carries 20 percent of the total
exducer cooling tlow, bypassing the first two passcs, and meters
it into the trailing-edge cooling pass to lower the bulk temper-
ature at this point in the circuit and raise the mass average
velocity. Dust holes at the tip region of the first and second
passes are positioned in otherwise stagnant corners and are
half-etched single laminates, which pass 0.13 percent and
0.12 percent of core flow respectively.

The initial exducer cooling design utilized a three-
passage, single-pass scheme primarily because the blade curva-
ture was expected to rule out axial flow at any region of the
exducer that would be required tor other designs. Solutions for
the most forward of the three passages indicated that the
restriction placed on minimum passage height of 0.028 inch due
to etching limitations prevented attainment of an optimum
design. A design with passage height tapering significantly
below this would be required to raise flow velocities high
enough to overcome a loss in effectiveness due to coolant tem-
perature rise and increasing external thermal load. Pin-fin
heat-transfer augmentation was not appropriate because of the
reduction in interlaminate flow communication with increasing
blade turning angle. Increasea blockage obtained by replacing
alternate laminates was investigated as a means to increase flow
velocity but was found to be ineffective because of reduction in
coolant-side surface area. To reduce blade tip temperatures to
acceptable levels would have required excessive amounts of
cooling flow, on the order of 3.3 percent of core flow, and
radial metal temperature gradients would be unnecessarily high.
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A seLpentine tnree-pass design was selected, as shown in
F'Lgure 29, over the three-passage design because of its greater
tnermaL eLticiency. The serpentine scheme offers reduced wail
temperatare thermal gradients and requires 60 percent less
cooling f low tnan the three-passage design to produce similar
peaK metal temperatures. The greater thermal efficiency is
derLved primarily trom the higher average flow velocities and
the second-pass orientation with flow in the direction of
decreasing external gas temperature. The third pass augmenta-
tion flow balances wail temperatures evenly between all tnree
passe,;.

AxiaL flow is required in two locations at crossover points
between passes. The second of these is at the hub line where
oiade turning is small, tne passage height is maximum, and
tnieretore no restriction is presented to flow between laminate
slots. Examination of the tip crossover location from pass one
to pass two indicatea a limitation on axial flow with prelim-
inary design blade tip thicknesses. It was found that a slight
tnIcKening of the blade aerodynamic profile in this region, as
shown in Figure 32, would provide the targeted free area or
peak-to-peak gap of 0.015 inch. This increase in blade thick-
ness had negligible impact on aerodynamic blockage or loading
and was accomplished without an increase in the blade tip wall
thickness, which would add unnecessary load to the blade root.

Figure 31 and Table 6 present analytical results for the
serpentine exducer design at the maximum power -)uerating condi-
tion, including coolant temperatures and pressures, internal
heat-transfer rates, external boundary conditions for suction
ano pressure sides, and blade wall temperatures. The results
snown are for a portion of the total number of discrete stations
along the passage flow length and correspond to the locations
shown in the schematic. The passage inlet and exit pressure
losses are not snown but are reflected in the results presented.

Summary of Results

The olade inducer and exducer pressure- and suction-side
wall temperatures calculated in the cooling circuit analysis and
presented in Table 6 do not reflect the influence of transverse
neat conduction along the blade surfaces. The degree to which
tiis conduction affects temperatures calculated on a one-dimen-
sional basis depends on the severity of the temperature gradi-
ent. This is significant, of course, in regions such as near
tile hub line and near the inducer tip. Adjustments have been
made oasea on examination of the local gradients, the overall
cooling circuit design, and related experience with radial wheel
designs. These are represented in tne overall hub and blade
isotherms presented in Figures 33 and 34, which were used for
stress and life analyses of the turbine wheel.
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Conclusions

The I inal cool ing circuit uxg na.; achieved all ot tne-
basic proga i object Ives:

0 Temperatuie levels throughout the blades will permit
achievement or tue .tress-rupture and creep I it,(
goals.

• Thermal gradients throughout have been miri;m. ze
order to control thermal stresses.

* Maximum metal temperature at the blade tip hra; :er.
held to a value (1650'F) tiat will reduce ;ot- .. .
sion damage to an acceptable level throughout *n,
cycle.

0 The cooling flow has been eA tectively use:.
metal effectiveness of 0.54 was obtained iDa ,eu on i.,
relative gas inlet temperature and a cooling i I .
4.94 percent. This compares favorably with thef, e tIc-
tiveness of 0.58 calculated for the axial 1 o1
laminated turbine designed for the TFE731 rlaue, ,5t.
uses 5.88 percent cooling flow. (18,19)

* Each blade is served by a separate cooling pass;age so
that damage to one circuit will have no etect on t';
other blades and the flow to each blade can be mna-
sured during manufacture.

• Design cooling flows can be adjusted ratner simply by
changing individual laminates for growth versions.

0 The total flow to each blade can be metered at th e
inlet by either plugging or opening the passage.

(18) Vershure, R.W., Jr., H.R. Fisk, and J.A. Vonada, "Demon-

stration of a Cooled Laminated Integral Axial Turbine",

AIAA Paper 77-949. Reprinted in Journal of Aircraft,
Vol. 15, No. 11, pp. 735-742, 1978.

(19) Vershure, R.W., Jr., "Engine Demonstration Testing ot a

Cooled Laminated Axial Turbine", AIAA Paper 79-1229, June
1979.

| 77i
- ___________- ---'I'



MECHANICAL DESIGN

Introduction

The design of the subject turbine wheel was an iterative
process by optimizing or compromising the following aerodynamri]c
and structural constraints:

o Turbine Efficiency

o Aerodynamic Blockage
o Burst Margin
o Cooling Flow
o Blade Stress Rupture Life
o Creep Life
o Low-Cycle Fatigue Lite
o High-Cycle Fatigue Life

o Blade Erosion/Corrosion Life

The mechanical design process was initiated by approxi-
mating a blade thickness distribution based primarily on stress-
rupture estimates for the blades. Temperatures, stresses, burst
margin, blade stress-rupture lives, and blade natural frequen-
cies were computed using this preliminary thickness distribu-
tion. Based on these results, modifications were made to the
disk and blades and were fed back into the design loop. After a
number of iterations, the final configuration evolved. Table 7
shows the physical properties and Figure 35 illustrates tne
final wheel configuration.

TABLE 7. WHEEL PROPERTIES.

Material Astroloy Sheet (0.020 inch)

Weight 5.0 lbs

No. of blades 14

Polar moment of inertia 0.024 lb-in.-sec
2

Average tangential stress 82.8 ksi

Burst factor (design) 0.85

Minimum expected UTS (1200 0 F) 167 ksi

Burst margin (minimum) 31 percent

Design speed 73,380 rpm
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BLade Con tu tation

'Thf, t inal blade corif iju .,t.j On tht,- r(s Ll t Uf ( ) I rlg-lCA'
opt imi zat ion studie s a.; (i .:{; c f i b n pre v ousI ].y , st ress-- f upt LIe.'
and latigue lite, an ai- ouynaiiic considerat on.u. Experiencu.
gained f t om the r AiR sez clI radial whCeel engine pro1; aMs ,.!,:
utilized in the design oL tne blade ioot illets and tie !! ,_
trail i ng-edge contour. These reg ions have cons i stent I a e. o-
str ated low-cycle- t at: gue protblems dur ing serv ice Oj:if at on.
Modit ications , wh ichi have been incorporated unto tn : design,
have dtamatical I y ircr eascd the iite o i:a3ial wheels in tre
ri eld. These rood t I Cat ols included c ,:con tour- i aue
trailing edge to rednt, t,, ss0es; in the r caL.L ailing-ct r
fillet radius. Tue ,unced: trail ing-ege .et stes. a
clearly evidenLt ,n .iguros 36 through 38. 'lir- radii in the
blade roots ann in t!,, jsii saidle reg ion hayi bnl optiized o.
minimize trie root strtsses along the entire ( n. ot t l ~ Uld
and disk inter lace.

A minimum blade normal w-ill thickness oL 0.020
been maintained to ensure blane integrity. The pin 4 ins an,
cooling passage dividers in the blade are spacea i:s close
proximity to prevent any panel vibration problems vtuin tue
blade.

Disk Configuration

The disk geometry was determined by burst recsi.ents,
fatigue life, and creep considerations. However, the aesign was
also influenced by physical constraints which lmrtec t:e
diameter of the bore to accommouate a front drive shaft; I(. t:.e
size of the front curvic coupling was restricted to aI ow t-e
use of standard grind tooling.

The proposed cos.iqurator, was modifie,. conrsiet at.y to
reduce localized stresses -nd to provide an e_,ate 0>, margi:
by reducing the cooling air plenums anri passageways. r - rent
csrvic and balance c [ng were also inclua ed in the desiun to
account for their adver se oLfcuts on brst ma.gji a and tar e:eta
stresses at the disk bere-. T ,r a 1 s -ir t extensi on ar nut

included in the des],an L3 i t -1atively isoat-'d frai
the rest of the wheel anu c i r. .5 inutitr attachment
to the arbor tor w.arlpit test i o. - co, a'uj air inlet holes
were made elliptical o rnts. an t-ts co,:a -,ktucatr'r in this
regiLon. The major axis i . iv' t, . et tt at i ec.or with a
2:1 ellipse ratio.
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Figure 36. 3-D Equivalent Stresses (KSI) for Combined Effects
of Rotation (73,380 rpm) and Temperatures on Blade
Pressure-Side Surface and Corresponding Disk
(View Rotated 1800).
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Figure 37. 3-D Equivalent Stresses (KSI) for Combined Effects
of Rotation (73,380 rpm) and Temperatures on Blade
Suction Surface and Corresponding Disk (View
Rotated 1800).



/0

II

Figure 38. 3-D Equivalent Stresses (KSI) for Combined Effects
of Rotation (73,380 rpm) and Temperatures Inside of
Blade Pressure-Side Cooling-Passage and Corresponding
Disk (View Rotated 1800).
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Results of Stress Analysis

Both two- and three-dimensional finite-element models were
used in the analysis of the subject wheel. The 2-D finite-
element program models the blades as plane stress axisymmetric
elements and cannot simulate the blade curvature and stress con-
centration effects in the blade roots. The cooling passageways
and plenums could be modeled accurately with the 2-D program,
whereas their incorporation in the 3-D model would have added
undue complexity. Therefore, the 2-D model was used primarily
for calculating disk stresses and burst margin, and the 3-D
program was used for calculating blade stresses. Figure 39
illustrates the 2-D finite-element model and Figures 40 and 41
depict the 3-D model.

Two-dimensional stresses caused by rotation are included in
Figures 42 to 44. The stresses were calculated for an engine
speed of 73,380 rpm, at room temperature. The stress isopleths
in these figures do not completely account for the stress con-
centrations around the cooling passageways. "Stress Concentra-
tion Factors"(20) was used to calculate stress concentrations in
the disk near the cooling passageways. The region of the disk
that showed the maximum concentrated stress is near the cooling
air inlet holes. To reduce the concentrated stresses to
acceptable levels, the circular inlet holes were changed to
ellipses. The 2-D computer analysis revealed an average
tangential stress of 82.8 ksi, which when used in conjunction
with a burst factor of 0.85 and a minimum ultimate tensile
stress of 167 ksi, results in a burst margin of 31 percent at

12000F.

Equivalent stresses from the 3-D finite-element model are
included in Figures 45 through 47, for rotation at 73,380 rpm.
Figure 45 depicts the stresses on the pressure surface of the
blade and the corresponding disk stresses. Figure 46 illus-
trates the stresses on the suction surface of the blade and the
corresponding disk stresses. Lastly, Figure 47 shows the
internal blade stresses on the pressure side cooling-passage
surface with corresponding disk stresses. These 3-D results
compare well with the 2-D equivalent stresses in Figure 44,
except that the blade root stresses are lower in the 2-D
analysis because this stress model cannot account for the stress

concentrations in this region.

To evaluate the steady-state thermal stresses for the
wheel, temperatures from the heat transfer and cooling airflow
design section of the report were included in the 3-D finite-
element model (Figures 48 and 49). The 3-D equivalent stresses

(20) Peterson, R.E., "Stress Concentration Factors", John Wiley

and Sons, New York, 1974.
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DISK WEDGE

Figure 40. 3-0~ Finite-Elornent Model.
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DISK - 0
WEDGE

Figure 41. 3-D Finite-Element Model.
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Figure 42. 2-D Radial Stresses (KSI) at 73,380 rpm
and Room Temperature.

88



12

Figure 43. 2-D Tangential Stresses (KSI) at 73,380 rpm
and Room Temperature.
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Figure 44. 2-D Equivalent Stresses (KSI) at 73,380 rpm

and Room Temperature.
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Figure 45. 3-D Equivalent Stresses (KSI) at 73,380 rpm and
Room Temperature on Pressure Surface ot Blade
with Corresponding Disk (View Rotated 1800).
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Figure 46. 3-D Equivalent Stresses (KSI) at 73,380 rpm ana
Room Temperature on Blade Suction Surface and
Corresponding Disk (View Rotated 1800).
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Figure 47. 3-D Equivalent Stresse., (KSI) at 73,380 rpm andRoom Temperature Inside Blade on Pressure-SideCooling Passage Surface with Corresponding Disk(View Mated 1800) .
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Figure 49. Blade Suction Surface and Disk Temperatures
Used in 3-D Thermal Stress Analysis
(View Rotated 1800).
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for the combined effects of rotation and temperature are
included in Figures 36 through 38, and the radial growths
are illustrated in Figure 50. By including thermal effects, the
maximum equivalent stress in the wheel increases from 140 ksi to
175 ksi. The location for this maximum stress is at the bore of
the disk.

Results of Life Analysis

Stress Rupture

The wheel is required to achieve a stress-rupture life of
5000 hours for the following cycle:

Percent Percent
Speed Time

100 20

75 50

55 20

35 5

Idle 5

Standard AiResearch practice was used to predict the
stress-rupture life of the wheel. Calculated blade metal tem-
peratures were increased by 50OF to account for variations in
operating temperatures, and the centrifugal steady-state
stresses were increased by 20 percent to include blade-to-blade
variations in geometry. The linear cumulative damage law was
used to evaluate the stress-rupture damage for the different
conditions in the table above.

Materials tests conducted for the Air Force Laminated Axial
Turbine Wheel Program, Contract F33165-75-C-5211, have shown
that stress-rupture properties in the plane of the laminates are
nearly identical to stress-rupture properties for forged
Astroloy. Therefore, the stress-rupture curve for forged
Astroloy, Figure 51, was used in the analysis.

Using the approach outlined above, the blade stress-rupture
life was calculated to be greater than 5000 hours everywhere in
the blade except at one localized area at the interface between
the blade and the disk (Figure 52). Because this region of low
stress-rupture life is localized, the stresses will redistribute
with time and a rupture problem will not be realized. This
local region of high stress is probably caused by modeling
inaccuracies in the 3-D finite-element model. To keep the model
relatively simple in the disk, the stress results in this one
local area are likely to be subject to calculation error.
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Figure 50. Radial Growth (inches) for Combined Effects of
Rotation (77,380 rpm) and Temperature (View
Rotated 1800). Deflection Scale: 1 inch =
0.12 inch of Deflection.
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EXPECTED LOCATION OF MINIMUM
STRESS-RUPTURE LIFE (8500 HRS)

REGION OF BLADE STRESS-RUPTURE
LIFE LESS THAN 5000 HOURS.

Figure 52. Local Region of Blade Stress-Rupture Life
Less than 5,000 Hours at 73,380 rpm and

Steady-State Operating Temperatures.
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The minimum expected stress-rupture life of the blade is
8500 hours at a tip radius of 2.856 inches (Figure 52). This
location is immediately below the solid tip section of the
blade. All the significant stress-rupture life will be consumed
at the 100-percent rated power condition. At the critical
stress-rupture location in the wheel for the 75-percent rated
power condition, the steady-state stress is decreased by 9 per-
cent and the metal temperature is decreased by 110*F. This
stress and temperature combination for the 75-percent rated
power condition increases the stress-rupture life by more than
an order of magnitude.

Low-Cycle-Fatigue Life

A rigorous low-cycle-fatigue life analysis requires calcu-
lated stress ranges from a transient thermal stress analysis.
Such an analysis was not feasible for this wheel without knowing
the environmental boundary conditions provided by a specific
engine design. Therefore, the steady-state stresses for the
combined effects of temperature differences and rotation were
used to make low-cycle-fatigue life predictions. Because the
maximum stress components, radial and tangential, are in the
planes of the laminates, low-cycle-fatigue properties for forged
Astroloy were utilized (Figures 53 and 54). By interpolating
between these two material curves at the proper metal temper-
ature, the minimum low-cycle-fatigue life was computed to be
7600 cycles at the bore of the wheel. This fatigue life exceeds
the required life of 6000 cycles.

High-Cycle Fatigue

A blade vibration analysis using the 3-D finite-element
program was completed at steady-state operating temperatures at
0 rpm and 73,380 rpm. The Campbell diagram, Figure 55,
indicates that the fundamental frequency is between the fifth
and sixth engine orders. Experience on radial wheels at
AiResearch has shown that blade vibration problems generally do
not occur when the fundamental frequency is above the fourth
engine order and no higher order natural frequencies correspond
to the stator passing frequency. The stator passing frequency
is not a concern at this time because a stator design can be
chosen that will avoid interference with the lower modes and is
beyond the scope of the current program.

Figures 54 through 58 illustrate the normalized deflec-
tions and equivalent stresses for the first three natural fre-
quencies. The deflections are normalized to 10 inches and the
stresses are normalized to 100 ksi.

Disk Creep

Time-dependent properties in the plane of the laminates
have been shown to agree with the time-dependent properties for
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Li LAMINATED RADIAL BLADE VIBRATION ANALYSIS
VIBRATION FREQUENCIES 100% RPM =73380

CAMPBELL DIAGRAM
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Figure 55. Campbell Diagram for First Five Natural
Frequencies at Steady-State Operating
Temperatures.
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forged Astroloy. Therefore, the creep properties for forged
Astroloy, Figure 59, were used to evaluate the creep character-
istics in the disk. Creep in the disk will not be a problem
because only a small portion of the disk exceeds 0.1 percent
creep during the 5000-hour design life, Figure 60.

Flaw Tolerance (NDE Critical)

The only defects that are envisioned for this manufacturing
process are those that lie in the bond joint region. These can
be voids, etch pits, carbides, lack of fusion, etc. In all
cases the "weak" direction is presumed to be in a radial plane
normal to the axis of rotation. Fortunately the stresses in the
direction tending to propagate these flaws (axial stresses) are
generally quite small. This can be seen in Figure 61.

Subcritical crack propagation data is not available for the
bonded Astroloy laminates. However, the transverse crack growth
rate (along a bond joint) is expected to be somewhat lower than
for forged Astroloy, which has excellent subcritical crack
growth resistance and fracture toughness. Even so, the critical
crack size is expected to be large enough that brittle fracture
from centrifugal and/or steady-state thermal stresses in the
disk or bladeb does not appear to be a problem.

The propagation of flaws in the blades from high-frequency
vibratory stresses coupled with low-frequency transient thermal
stresses appears to be the prime failure mode of concern.
Assessment of the absolute level of vibratory stresses is not
practical without obtaining strain-gauge amplitudes in an actual
engine environment. Transient thermal stress analysis is also
not feasible without having engine environmental boundary condi-
tions for a specific design. Cavity temperature and pressure
variations with time during accels and decels need to be accur-
ately aefined in order to obtain reasonable thermal stress
ranges.

Another consideration is the possible loss of cooling flow
from a large number of "through the thickness" flaws connecting
tne cooling passages with the outer walls of the blades.
Although the width of a flaw or void between laminates is
expected to be on the order' of 0.0005 inch or less, a large
number of these in any one blade cooling passage could result in
a significant loss of cooling flow, which must be made up by the
compressor and results in a loss to the cycle efficiency. To
prevent this from being excessive, it is proposed that no more
than 5 percent of total flow area for all blades be allowed
based on the summation of the maximum dimension of all flows
multiplied by 0.0005 inch. Since flow area varies considerably
from pass to pass and within each pass, an estimate must be made
for each scan based on radial, circumferential, and axial posi-
tion of each flaw. In addition, it is proposed that no more than
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-SHADED REGION REPRESENTS
AREA OF DISK THAT EXCEEDS
0.1 PERCENT CREEP IN 5,000
HOUR DESIGN LIFE

Figure 60. Region of Disk that Exceeds 0.1 Percent Creep
at 73,380 rpm and Steady-State Operating Temper-
atures for the 5,000-Hour Design Life.
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Figure 61. Typical Axial Stresses at 73,380 rpm and
Steady-State Operating Temperatures.
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20 percent of the total flow area in any one blade be allowed on
the same basis.

To prevent any single flaw from becoming excessively large,
arbitrary sizes of 0.100 inch maximum in the blade region and
0.200 inch maximum in the disk region have been tentatively
selected until subcritical crack propagation data is obtained on
compact tension specimens of bonded Astroloy laminates in the
transverse direction.

No two flaws in the same joint or in adjacent joints should
be closer to each other than 200 percent of their maximum dimen-
sion in the radial direction. Any flaw below 0.015 inch in
maximum dimension will be considered uninterpretable. It is
recognized that the true axial location of some flaws will be
difficult to evaluate until after final machining; therefore,
acceptance may depend on fluorescent, dye penetrant or radio-
graphic inspection of the fully machined part. Individual lami-
nates (prior to bonding) will be rejected if etch pits occur
within 0.020 inch of any blade cooling passage or within
300 percent of their maximum dimension to the disk bore or other
machined surface.

Conclusions and Recommendations

Based on the calculations for burst margin, blade stress
rupture, low- and high-cycle fatigue, creep, and flaw growth,
the final wheel configuration that meets all the design objec-
tives is judged to be an acceptable design. In some areas these
calculations are based on rather limited material properties for
laminated structures.

Once a specific application for this wheel is realized ana
environmental boundary conditions can be obtained, a transient
thermal stress analysis should be completed to better evaluate
the low-cycle-fatigue life of the wheel. If low-cycle-fatigue
life is a problem at the disk bore, the diameter of the bore
would have to be reduced to lower the bore stresses.

Before this wheel is operated in an actual engine environ-
ment, natural frequencies should be verified experimentally by
means of salt pattern or holography testing. Because the 3-Danalysis cannot completely simulate the ties between the two

surfaces of the blade, some inaccuracies are to be expected in
the vibration analysis, especially for the higher order modes.
The high-cycle-fatigue life of the blade could be severely
limited if one of the lower natural frequencies corresponds to
the stator passing frequency at or near the design speed. This
can be avoided by careful selection of the stator count and
stator-blade spacing.
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Design changes to the wheel might be required if the burst
factor for the wheel is determined to be less than 0.85 for test
wheel No. I, which will be used for growth and burst testing.
Reduction of the bore diameter would be the recommended modifi-
cation.

PHOTOCHEMICAL MACHINING TOOLING DESIGN

The design of a cooled turbine rotor from 0.020-inch
laminate sheets required close attention to the approach used in
making the photochemical machining tooling. As seen from the
cross section of the radial turbine rotor shown on sheet 2 or
Figure 62, there are 92 difterent photochemically machined
laminates in the rotor assembly. Therefore, 92 discrete PCM
tools were required to manufacture the laminates. To maintain
dimensional control over the blade wall thickness, accurate PCM
tooling was required to accurately position .he cooling passages
within the blades and to provide precise tooling pickup points
for the final machining operations.

The PCM tooling design experience gained on the axial
laminated turbine program (USAFAPL Contract F33615-74-C-2034)
indicated the most stable PCM tooling is registered glass rather
than Mylar film. This tooling is designed especially for pre-
cise chemical milling of metal parts that require etching on
both sides and where resolution and registration are critical.
As shown in Figure 63, two masters made trom 0.190-inch, pre-
cision, photographic, glass plates are registered exactly,
emulsion to emulsion, and hinged together for insertion of the
sheet to be etched. Unlike registered Mylar films, the two
glass plates will not shift and the exposure of the photoresist-
coated metal will be consistent. Also, the precision flatness
of the plate will maintain the close dimensional tolerances
required on the line widths. A constant line width of
0.018 inch was chosen for all the features to be etched in the
laminates. Using a constant line width ensured a constant
etching rate from both sides of the part. Furthermore, the
final dimensional inspection becomes the 3/8-inch-diameter
center hole on each laminate, which is final inspected to a
tolerance of ±0.001 inch with a go/no-go gauge.

This glass tooling was manufactured at Precision Art
Coordinators Inc. (PAC), Providence, R.I. This vendor has
extensive experience manufacturing this type of tooling for the
photochemical machining industry and for the electronic industry
in the manufacture of precision circuit boards. The precision
artwork is generated using a computer-controlled photosystem
with digital inputs on X-Y coordinates, which are provided. The
design methodology used at AiResearch to define the coordinates
for the cooling passages is currently to draw a 10 to 1 size
Z section for each laminate, as shown in Figure 64, sheets 1
through 5. In the future at AiResearch, it will be possible to
design the cooling passages on an interactive computer-graphics
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Figure 63. Two Glass Master Plates.

system and therefore interface directly with the PAC computer-
controlled photosystem by transmitting the coordinates onto mag-
netic tape. This future method has several major advantages,
including a large reduction of manual drafting and the ability
to rapidly change or modify the PCM tooling in an ongoing devel-
opment effort where fast turnaround of complex hardware is
desired.

Sheet 2 of Figure 62 shows the envelope drawing for the
bond tooling. Note that the sheet is square (6 1/4 by
6 1/4 inches). This size optimizes the tooling to the small
rotor and minimizes the sheet scrap from the rolling mill.
Also, the square configuration was desired in the bonding opera-
tion to provide additional column support to minimize
distortion.
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SECTION III

MANUFACTURING PROCESS

The manufacturing approach for the USARTL cooled laminated
radial turbine drew upon technology developed under previous
programs, including the AFML Cooled Axial Laminated Turbine Pro-
gram (F33615-75-5211), APL Turbine Feasibility Demonstration
Program (F33615-74-C-2034), and several AiResearch-sponsored
research activities directed toward fabricating internally
cooled structures. As the manufacturing operations progressed
on the radial wheel, a gradual evolution took place as the
result of new information and improved processing techniques,
and experience gained with this laminated turbine configuration.

The AiResearch laminate process, as applied to the Army
radial turbine, is shown in Figure 65. The process begins with
procurement of precision sheet stock that was produced from
forged, hot-rolled, and then cold-rolled Astroloy material.
This material was deliberately procured oversize and subse-
quently chemically milled to the specified dimension. This was
done for a number of reasons, the first of which was to achieve a
clean surface, free from any "rolled in" contaminants. Another
important reason for this step was that it produced a surface
that allowed optimum adhesion of the photoresist systems used in
later processing.

23 Following chemical milling of the Astroloy sheet in a modi-

fied ferric chloride solution, the sheet was coated with a

photosensitive commercial preparation, which, when exposed
selectively to a light source of the proper wavelength and
developed, produced an acid-resistant coating except in the
desired areas.

After the photoresist coating had been exposed and cured,

the coated sheet was passed through a hot spray of etchant
which chemically removed the exposed metal and left the desired
configuration. The photoetched sheet was subsequently stripped
of the photoresist coating, cleaned, and inspected for possible
flaws. At this point, the sheet was called a laminate detail.

After the laminate details had been inspected, they were
subjected to rigorous chemical and organic cleaning processes.
Following these cleaning procedures, every other lamin te -detail
was coated in a proprietary process, Borofuse , which
deposited a boron-rich layer on both of its surfaces. The coat-
ing was applied to the 0.0046 gram/in. 2 level which produces
consistent properties and bond results with Astroloy.

The actual bonding took place by creating intimate contact
between the laminate surfaces at 2150*F in a high vacuum
environment. At this temperature, the boron-enriched surfaces
melted and generated a small amount of liquid at the laminate
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interfaces which were in contact under 100 psi compressive
loading. The fluid interfaces solidified isothermally due to
the diffusion of boron away from the bond line. The bonding
operation was conducted for a minimum of 2 hours, to fully
diffuse the boron in the bond joint. A typical bond joint is
shown in Figure 66.

The bonding method used to develop ti> radial wheel con-
sisted of placing the laminate stack and bond tooling in a load
frame, and then placing the entire assembly within a vacuum
chamber. Heating was accomplished through the use of induc-
tively heated graphite susceptors with pressure applied by the
argon-filled bellows. The bond tooling is shown in Figure 67,
and the oond cycle in Figure 68.

After bonding, heat treatment and nondestructive evalua-
tion (NDE) were performed. This was followed by removal of
mechanical property samples and metallographic samples from
excess stock areas of the wheel blank (WB). The wheel blank was
then partially machined to expose the air passages, and the air-
flow was checked. Final blade machining, NDE, balance and
whirlpit testing completed the manufacturing process.

MATERIAL REQUIREMENTS

The Astroloy sheet from which the laminated radial turbine
wheel was made conformed to AiResearch Specification EMS52338,
Rev. A. Mechanical properties of the finished sheet were not
made a specific requirement, due to the effects of subsequent
pcocessing (bonding and heat treatment) which the sheet material
underwent in the manufacture of the finished wheel. When tested
as sheet product, the mechanical properties were low, as shown
in Table 8. This is primarily due to losses of reactive
elements from the sheet during the rolling operations. However,
after bonding, with the addition of boron the mechanical
properties improved, as shown in Table 9.

Mecnanical Properties

Mechanical properties of Astroloy sheet atter heat treat-
ment are given in Table 8. (Note that the heat treatment is
used for the wheel blank, and is not optimized for maximum pro-
perties as a sheet metal product.)

Mechanical properties of the bonded wheel blanks are given
in the following figures and tables:

o Summary of Bonded
Astroloy Data Table 9 and Figure 69

o WB No. I - Raw Data Table 10
o WB No. 2 - Raw Data Table 11
o WB No. 3 - Raw Data Table 12
o WB No. 4 - Raw Data Table 13
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TABLE 8. MECHANICAL PROPERTIES OF 0.020-INCH CABOT ASTROLOY
SHEET MATERIAL.

1400-F/ d00°F/
80 ksi 20 ksi

,, ', lip. Stress Stress
14000°F Tensile Rupture Rupture

K,; , L YS UTS tE HR %E HR %E

Heat 003b 1 3 100 133 7 jO 1U 6

(WB No. I

anu 2)

Heat 7092 IO 122 4 95 10b 2.5 8 8

(WB No. 3

and 4)

NOTE: Heat treated as follows:

250OF - 6 hours To simulate wheel

i9751F - 4 hours blank bond cycle

55 0 F - 24 ours + heat treatment

1400OF - 16 hours

135



U)

C) .I gaC) I I I I r) (n I
00~ C)m

4-)

U) ~Lfl r)
0

o1 D : L) if) w

4-J

< 0\0

EIa I I
(1 r4 Oi in

A4r4 >1 '-1 '-4 (=)

ff ,-q 4 ( 1) c'4

5>4 Q (X r * '-

F- - 4 '--A

4-j

oT C) (1 ''' -1
Ix ~ 04. m4 N r - 0' ~ I ~ -i

E-4 (N rl) C14 (N CN ('1 (N '-4 r
U) a) r- - - 1 -4 r-4 '-1 E

0 0
0 oo r- oo N , c) WL- nw

ix*l El IX 4 l *4

0n m Wn - I N 1-' 0) 00 00 o

0) 2 c) c n -

-4 -4 ---4 -44 > c
4J N N (N C4N E

U4 C) C) CD-CD Q

E- 0 r-0 n r n -

<~~~ 0 00-1- 01--1-
m~~~ ZZ CN (N"(E

(00

C) M
U) 0 0

> 4J
U) U

00 0

136

I1



160--

150. USARTI
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Figure 69. Summary of iionded Astroloy Room-Temperature
Low-Cycle-Fatigue Transverse Properties.
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'TABLE 10. USARIL MLCiIAi'4iCAL PI<UPLR'IY TrSTS FOR WB NO. i.

! ~~~E ,, - . ,,x. , re Met l,! !q I G (t< 4L',> - " .' . .

Ax.14 .6 ! .4b .

. Bor A 1 F 20 cli,-
-- A111, k3 -i LCF ilow cyc.e fdt iaic 6.3 X I

- 4 Ax.al Bore 14C ksi LCF 2.7 X 10, cv ce

;..b Ax:.t , bore i 400° TenF i U It ksi I' e d £ d1 K I,!.

Ult ksi Yil !1 eK'
- ,55,1boe 1 i.,1 .nr.

A - Ixl, bore 71
0
F Tens ile 129 .C I

- Axial Bore lC ksi LC Fail on flrSt cycle

U lt ksi Yield Ks: i ,n .AA Ax..l, Bor I iC*F Terse 1e39.1 113.6 3. , .

A : - Axia I n I (. ksI L,(' 1.6 X 10 clclc-

Al-1 Axial, Rim 1(G ksi 1s, f 1.0 X 1
S 

cycles

- V Ax al, Rim kV ki: LC"' Fail on first cycle

- Hit 7-
v  

'lef tUlt ksl Yiel6 ksa EL.:
.... 195. 9 134. 1 . , :

A i- - i I a i, R i S.R. 1nt ! n-F ir- jjrt re, 14 C F 6C kC1 51. hrs 2.

AA. - c: Lil4 ' P .R. i40C F" 6: k . 59.1 hr .  
r . 24

21 .

- i= RadialI Rim S.R. 1800*F 20 Ks' 11.5 hrs 3G. '

7 Ult ksi Yield ksi Llons F.,
- l Radli Rim 7tF Tensile 194.9 134.7 14., ,

- Padial Rim S.R. i4G6
0

F 80 k 2 61 4 hrs Llonc

P- I i ai Run- S.R. 1800* F 2C K!: 11 .3 hrs

AWI - I' Radial, Rim S.R. 1800'F. 1 k 11.1 hrs elong .L. ~~~7U777~ as4% ~
M :i : A t,:t ',]: s heat treated a, tcollows: i 4 [ -

-ondinq teml , nominal 2150'F - slow cool

4 * a 1 950*F, R.A.C. (equivalent)

-4 . at 1550'F, R.A.C. (equivalent)

c;, rs at 1400
0
F, R.A.C. (equivalent)

All tarr treated in wheel blanK, then removed.
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TAB6L ii. USARTL MECHANICAL PROPERTY TESTS FOR WB NO. 2.

Te~r B i. T Lo-atT - fTs

AW,- 2-lI Ax ia I, bo:. - F ten-l: > T.(. 14.22
Bot t sr. 2 -4

AWB-!- Ax -l , bre (2) 75'F tensil-. T", 144.

AWB-2-3 Axial, bore Metalloq.rapry

-AWP-2-4 Axial, br" LCF 137 k s-i q.241 x I

-AWR-2-5 Axi-, thor. LCF 147' ks: .8 07 C X i -~

*Awi-2-6 Axial, bore LCF 120 ks x.~3 12 4y

ULIKSI Yiel;KI % E L % PA

AWB-2'-7 Axial, bor-' (2) 11300'F tensile. Trop 1 4 .6 A.4 4
Bot tor, 14 127.14 28

AWB-2-9 IAxia', hcre (2) 1300'F tensile I r. Test i 7

*Aw"-8 jAxial, bore :30C*F tpnsile 151.3 l15.9 -. -.4

AWB-2-87 !Axial, bore 1300'F tens-ile 143.8 !Ii.9 1.1 3.5

AWE-2-9 Axial. r im Deliminated, Metalloqraprv -varia 1 e nrs

AWB-2-101 Axial, r im Delarrinated - MET -varia:.le porosity

W--11 Axial, r ir Delaminated - MET -airl oo:t

Extent of Radial major poros:ty, :nch'r

AwI-2-12 Radial, rim Delarninated - MET 1.0 inch

AiWB-2- 13 (Ras)ial, r i. Partial delamination-MET 0.5, inch

AWB-2- 14 Radial, rim Partial delamination-MET 0.2 inch Figures 3,4

t.WB-Z-15 Radial, rim Partial delamatiration-MET C0.25 inch

AWB-2-1 Radial, rim Partial delamination-MET 0.75 inch

AWB--l I Radial, riir Partial delamination-MET 0.75 inch, Figures 3.4

AW13-2-l8 Padial, rim Partial delarrination-MET 0.55 inch

_________ Radial,__ [iPartial delaminatron-MET 0.75 inch

NOTE: All test bars heat treated as follows, in wheel blank

2 hours at bonding temperatire (bore 2130*F. rim 2110'F) , ll
0
F/min cool

2 hours at 2100*F re-solution soak. 100
0
F,'min cool (from 2100'F to 1400*Fl

4 hours at 1950*F, rapid air col(P.A.C.) (equivalent)

24 hours; at 1550-F, P.A.-.

16 hours at 1400*F, P.AC.

*Add it iona) data addprd.
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TlABLE 12. USARTL MECHANICAL PROPERTY TESTS FOR WB NO. 3.

' 0,4: L.):jtion l'ype of Test

Ax.:, bor,- Low Cyciv Faticut-(LCF 14 K,

A,-- i Ax 1 .1, bore Room i'emi. Tenrle (RTT, 27.4 4. .

. :;. K : ,F : Lh. ,V-L.

A,-- Ax L o'u e u RTT .19. i4.

A - a' i, :ore LCF - 13, Ki 7 c.,

A 2': - 4 Axial, bore LC- - I LU Kci , uuJ* , .I .r-U;

A,--_--4 Axial, bore LCF - 130 KS! 76. cyc!- I

Y.S.KL- " TKI, '

AWs-3-5 Axial, bore 1300'F Tensile 109.4 147.3 4.: 7.6
Y.S.KEs U:L',* , K,:Li 4- i %RA

, W--bA Axial, bore RTT 2 t.L l7.2 X X
Y.S.VE- ULT",F- .  

#. % RA
Ai -- A x, ' Ax , ore R7 126.2 14.4 _7 4.,

A :--3-7 Axil, ore LCF - 130 Ksi 111 ccle I

Y.S.K E ULT, X:zi %i t
A. - j-' Ax.aI, tore 1300'F Tensile 109.5 145. 3 4 .

A.: -)-. Axial, r m Metaliograpny Satisfactrry

A^:-;-9' Axia., rim LCF - 130 Ks 3771 Cycles t- Failure

AoL- -, Ax.a,, rim LCF - 125 Ksi 17,26, cycle fail

Acn- -i1 Axial, rim LCF - 120 Ksa 20,000 * cycle :r'.. t

Y.S.Ksi ULT,K : % : %RA
A. - - Raj al rim RIT 125.6 182.3 13.s 17.6

Li fe,hrn %EL iRA
k.- 3-.5 Raia I, ri m Stress RuptareIS.R.) 1400 F;80 Ks1 60.0 41.z h.:

Life,hrs %EL %RA
A,. -,-l

4 
RadoaI, rim S.R. 1400'F/80 Ksi 74.4 16.9 2 .3

Life,hrs % L %RA
SA- -. Ra ji a, rim S.R. 1800'F/20 Ksi 14.8 2 .4 34.1

Y.S.Ksi ULT,Ksi %EL %RA
5Ao-5-16 Radial, rim RTT 124.9 177.9 10.7 16.2

Life,hrs %EL %RA
A b-.-.7 Radial, rim S.R. 1400'F/50 Ksi 58.6 i0.4 32.5

Life,hrs VEZ %RX,
A'Ad-J-i8 Radial, rim S.R. 1800'F/20 KSi 13.3 30.4 3.5

Life,hrs %EL %RA
AWO-3-19 Radial, rim S.R. 1800*F/20 Ksi 11.9 27.1 30.1

Noir; All test bars heat treated as follows:
2 nours at bond temp., nominal 2150*F - slow cool

24 hours at braze temp., nominal 1950'F - slow cool
3 nours at HIP temp., nominal 2100*F - (36*F/min) rapid cool
4 hours at 1975*F - rapid cool

24 hours at 1550'F - rapid cool
lb hoars at 1400

0
F - rapid cool

All bars treated in wheel blank, then removed.
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TABLE 13. MECHANICAL PROPERTY RESULTS, WHEEL BLANK NO. 4.

0.2% Offset Ultimate
Test Yield Tensile

Specimen Temp., Strength, Stength, % %
Identity OF PSI PSI Elong. RA

1 Transverse, Bore

AWB-3-6 Top 75 121,400 123,200 1.4 4.8

AWB-3-6-Bottom 75 121,200 130,400 3.3 7.1

2 Transverse, Rim

AWB-3-9-Top 75 - 114,900 1.1 1.7

AWB-3-9-Bottom 75 - 100,200 1.3 1.9

AWB-3-11-Center 75 120,500 133,900 3.3 5.5

3 Longitudinal, Rim

AWB-3-22 75 118,900 184,200 14.9 20.6

AWB-3-23 75 119,800 185,800 15.7 23.6

All samples heat treated in wheel blank, as follows:

2 hrs at bond temperature, 2150'F nominal, slow cool
2 hrs resolution at 2100°F, 25°F/min cool
4 hrs stabilize at 1975*F, rapid air cool

24 hrs age at 1550°F, air cool
16 hrs age at 1400'F, air cool
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It should be noted that WB No. 4 was contaminated by equip-
ment failure during bonding arid was never processed into a
machined rotor. All of the other wheel blanks were finish
machined and tested.

Material Specification

The material specification is contained in Appendix A.

NDE PROCEDURES

Nondestructive inspection occurred at two major points in
the process. First, at the laminate detail stage, each laminate
was inspected for undesirable features, such as etch pits,
scratches, etc., which could affect the bonding process or be
included in the finished wheel. This was a visual 100-percent
inspection done at up to loX magnitication; any extra features
were recorded on paper maps of the laminates. Each laminate was
then reviewed against the blueprints and 1OX layouts to insure
that no potentially detrimental features would be incorporated
in the finished wheel. (Figure 70 gives allowable feature
size.)

Second, after bonding, ultrasonic inspection techniques
were used to determine bond joint quality. Previously prepared
laminated standards for this part configuration are scanned at
the same time as the actual wheel blank. This allows direct
interpretation of the 'C' scan result in terms of indicated
reflections. (See Figures 71 and 72 for details of the ultra-
sonic calibration standard and actual laminate detail internal
standards.) Ultrasonic techniques were most successful when the
scan was "gated" to record only 1/3 of the wheel blank at a time,
and the sensitivity was adjusted to record the 0.040-inch syn-
thetic defect in the calibration standard.

In this process, it was possible to detect excessive por-
osity at the rim in WB No. 2 and at the bore of WB No. 3, as well
as to discover some plugging in WB No. I passages. Radiography
appeared to be useful for detecting plugged passages, but por-
osity could not be detected due to the disadvantageous orienta-
tion and physical limitations. Microfocus radiography was
useful after the wheel blank was machined to examine internal
blade configurations.

PROCESS SPECIFICATION

The complete process specification is contained in Appen-
dix B.
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* LAMINATES WILL BE REJECTED
IF ETCH PITS OR OTHER UN-
DESIRABLE FEATURES OCCUR
WITHIN 0.020" OF ANY BLADE
COOLING PASSAGE OR WITHIN
300 PERCENT OF THEIR MAXI-
MUM DIMENSION TO THE DISK
BORE OR OTHER MACHINED
SURFACE.

* UNDESIRABLE FEATURES: BLADE-
0.100" MAX. AND DISK - 0.200"
MAX., WITH NO TWO FEATURES
CLOSER TO EACH OTHER THAN
200 PERCENT OF MAXIMUM
DIMENSION IN THE RADIAL
DIRECTION. EXCEEDING THESE
DIMENSIONS WILL CAUSE THE
LAMINATE TO BE REJECTED.

*ANY FEATURE BELOW 0.015" IN
MAXIMUM DIMENSION IS CON-
SIDERED UININTERPRETABLE.

Figure 70. Army Radial Laminated Rotor Defect Criteria.
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T ~T/1.333

T/4 T

BONDED STACK (DEFECT LAMINATES ORIENTED 1200 APART)

SYNTHETIC DEFECT
LAMINATES (3) 0.010 INCH
0.020-INCH THICK

~0.030 INCH

0,060 INCH

0.090 INCH

0.125 INCH

Figure 71. Laminated Astroloy Ultrasonic Calibrati.on Standard.
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0.090 DIA

0.030 DIA

F

Figure 72. Synthetic Defect Locations in the Actual
Laminate Detail.
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HOT ISOS'rAT1C PRESSING

The use ot hot pioatjtt jd ,I nr.j It1.
ii '.e tor WB No. 3 was higny I':.2 I ii .
I icat ion tor 1 nciuuu u~g HIP as L m it ,
tather than as a repair tool. 'rf , t p r 11 ifr ' I i ,,l
a lower porosity level in ti. I Kr . , , '
reasonably b, expected in trie a,;-.a, , . Vt.

weighed against the additional cot T ,II t . :.,. .. :

h gh reliability, long lite, man- li! t,., (-1 -ij ., ,f .i- i P
appears to be justitiable as a part at t:,t, .,I; .1, 1 t
turing process. For this reason, it is -:, < 1 w' " . ,Hl-
mended Processinq and Opt rations," Lr. tr e i.-. ,,
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(d) Handliny - Proper handling procedures for laminate
quality stock are necessary to avoid scrappage due to
mechanical defects such as scratches or dents.
Cabot's recognition of this special handling require-
ment and implementation of adequate procedures to
safeguard the material in process were needed.

FABRICATION OF BONDING TOOLING

The design of bond tooling tor the laminated radial turbine
wheel blanks was a complex problem that slowly evolved. Due to
the limited number of parts produced (four), a satisfactory solu-
tion to the bond tooling problem was arrived at only at the end
of the program. Initial constraints on the tooling, which was
to serve as both assembly tixturing for the laminate stack and
as the in-the-furnace bond tool, proved to be too severe to be
met with existing materials.

The original tool design consisted of Waspaloy plates,
pins, and locating tabs (Figure 73). This tooling proved to be
dimensionally unstable at temperature and inadequate in toler-
ance for assembly errors. This tooling was modified to prevent
assembly errors, while new higner strength and thermally stable
molybdenum bond tooling was procured.

The molybdenum bond tooling was of a similar configuration
but was modified to allow removal of the locating tab mechanism
prior to bonding. While an improvement, tis tooling also had
difficulties. The last torm of use of this tooling as a bond
tool for WB No. 3 saw the design simplified to two flat, par-
allel disks with thermocouples for temperature sensing. It was
still being used as an assembly tool at this point, which led to
difficulties with bore porosity in WB No. 3 due to galling of
the center pin upon removal at assembly prior to bonding.
Simultaneous and subsequent work on both AiResearch and AFML-
funded laminate programs has proved the point for separate
assembly and bond tooling. To successfully assemble and bond a

complex laminate structure, the following concepts must be
adhered to:

(a) Assembly tooling and bonding tooling must be separate
fixtures, since their functions are separate and not

mutually compatible.

(b) Assembly tooling must be rigid, precise, easily
cleaned, made of nongalling materials, and designed
for laminate access.

(c) The laminate stack must be strip welded in compression
while in the assembly tooling fixture, to make it a
handleable structure prior to placement in the bond
tooling fixture.

14 i
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Figure 73. USARTI, B~ond Touliny and A.;sembly Fijxtur -
(Jr iginal Waspaioy Docnign.



(d) Bond tooling must be constructed ot high-strengttn,
high-temperature stable material, and must be Kept as
simple as possible. Contact between the laminate
stack and the bond tooling should occur only on fiat,
plane surfaces to which an appropriate parting
agent/diffusion barrier has been applied.

When the above concepts are employed and aaequate 1oaaing
devices are used in the bonding furnace, touliq-re lateu proL,-
lems are eliminated.

FABRICATION OF WHEEL BLANKS

The detailed process specification is contained In Ap~pen-
dix B.

Photochemical Machining of Laminates for Wheel Blanks

Each wheel blank contains 141 individual laminates, which I
were produced by the photochemical machining (PCM) process.
Four and one-half sets of wheel blank details were producea
under this contract. The extra 1/2 set was a replacement
for the chemically damaged borided details of WB No. 3.

Early processing utilized the liquid-resist, KTFR method

given as Method I in AiResearch Specification PC5021, Rev. B.

This was the best known method at the time. Process yields were
on the order of 50 percent. Later developmental work led to
Method II, PC5021, Rev. B, which is the dry tilm photoresist
process. Yield from the PCM processing step was -90 percent
with this method. Either method produces identical parts.

Cleaning and Boride Coating

After production of the laminates by PCM, all laminates
were stripped of photoresist, inspected, and cleaned. The
cleaning process was a rigorous one, detailed in the process
specification (Appendix B) . Following the cleaning and packaging
operations, the laminates to be boron coated were shipped to
Materials Development Corporation (MDC) in Medford, Mass. MDC
applied a diffused boron coating to all surfaces of each lam-
inate, in the amount specified. After the Borofuset, coated
laminates were returned, a trial assembly of tnie wheel blank was
completed to verify assembly and check section heights (thick-
ness). If sections were not correct, either of two steps could
have been taken:

(a) Insert specially fabricated laminates, known as
"tolerancing elements" in various thicknesses at pre-
designated locations (essentially, every tenth
laminate is a tolerancing element). This is the most
straightforward and least time-consuming method.

This method would he used for production.
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(o) Chemically mill the bare laminates in the discrepant
section the required amount. This allows a minimum
number ot laminates to be fabricated, but requires
that laminates be deliberately made on the "fat" side
of the thickness tolerance.

Due to initial material scarcity, method (b) was used.

Final Assemoly

After correct section height and trial assembly were veri-
fied, all details were given final cleaning as part of the final
assembly operation. This was a clean-room operation to avoid
contamination of the laminate surfaces. The laminate stack was
built on the assembly tooling (formerly assembly and bond tool)
according to the blueprint and laminate map package. The
assembly tooling then compressed the laminate stack, and the
stack was visually inspected for alignment prior to resistance
tack welding using Inco 600 foil strips across the laminate
edges.

The tack weldea strips, which were perpendicular to the
laminates,, held the individual laminates tightly together and

prevented any shift or misalignment in the laminate stack once
the assembly tool compressive force was released. The welded

strips also provided a means of securely attaching the thermo-
couples to the laminate stack for temperature monitoring during
bonding. In the early production of wheel blanks, this was the
end of preparation for bonding, since the assembly and bond tool
was the same piece; the complete assembly was now ready for
installation into the bond furnace load frame and insertion into
the bond furnace.

As mentioned previously, separate assembly and bond tools
were needed, so there was an additional step in which the

rigidly strip-welded laminate stack with attached thermocouples
was removed from the assembly fixture and placed in the bond

tooling. The bond tooling was previously cleaned and appro-
priate parting agent/diffusion barrier coating applied. This
completed the final assembly and the part was now ready to bond.

Bonding Equipment and Operation

Equipment

The initial bonding parameters for Astroloy laminate struc-
tures were developed under the AFML/APL programs*. Time,
temperature, vacuum level, and bonding pressure were reasonably
defined. These parameters were met on small Astroloy laminate
stacks using laboratory vacuum hot-press equipment at

*Contracts (F336i5-75-5211) and (F33615-74-C-2034)
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AiResearch. The largest structures attempted under AFML spon-
sorship were Waspaloy laminated axial flow turbine wheels
11 inches in diameter and 1 1/4 inches thick. These were done
at Rockwell International using a hot press designed for titan-
ium superplastic forming/diffusion bonding. This equipment was
temperature limited and marginal for the 2100*F Waspaloy bond
temperature. It was not expected to be able to accommodate the
2150OF Astroloy bond temperature.

After the design phase of the USARTL laminated wheel pro-
gram had fixed the size of the wheel, it was demonstrated that
none of the laboratory equipment was capable of accommodating
the size and thermal mass of the new wheel. There also was no
available vendor equipment to use, given the required parameters
for bonding. A decision was thus made to convert an existing
piece of equipment to perform this task.

A vacuum environmental chamber was located and converted to
high-vacuum use as a bonding chamber. While innovative, the
equipment must De considered an expediency and not a piece of
production equipment. A lengthy series of trials was required
to qualify the equipment. Figure 74 shows a view of the bonding
equipment.

Bonding Operation

After final assembly, the bond tooling with thermocoupled

laminate stack was loaded into the load frame, which housed the
mechanism for loading and heating the laminate stack. (Fig-
ure 67 contains a photograph of the fixture and a schematic of
the construction of the loading/heating apparatus.) The load
frame (fixture) was then installed in the bond furnace, appro-

priate connections were made for thermocouples and induction
leads, and the chamber was evacuated.

After a sufficient outgassing period, the bond stack was
run (originally with manual control, later using a micro-
processor/controller) on the established bond cycle. Figure 68
gives bonding parameters. A comparison of the actual wheel
olank bond runs is given in Figure 75.

After being held at temperature for 2 hours, the bonded
laminate stack was cooled and removed from the bond furnace.
It was then heat treated in a conventional vacuum furnace with a
rapid inert gas quench capability and nondestructively
inspected.

NDE, Premachining, and Mechanical Property Specimens

Following heat treatment, the wheel blank was ultra-
sonically inspected and radiographed prior to committing it for

machining. Figures 76 through 79 show typical radiograph and
ultrasonic 'C' scans from the actual wheel blanks. The last
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Figure 74. Bond Furnace with WB No. 3 Bond Stack in
Place - Immediately after Bond run.
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Fiaorp 76. X-Ray Image of WB No. 3 -No Apparent
Problem Areas.
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Figure 77. "C" Scan of First 1/3 of WB No. 3 -
Inlet Side Up (After HIP).
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Figure 78. "C" Scan of Central 1/3 of WB No. 3 -
Exducer Side Up (After HIP).
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Figure 79. "C" Scan of First 1/3 of WB No. 3-

Exducer Side UP (After HIll)
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wheel blank bonded, WB No. 3, exhibited excessive porosity in
the bore area in ultrasonic testing. This wheel was success-
fully hot isostatlc pressed (HIPped) to remove the porczIty.
None ot the other wheel blanks underwent this HIP processing.

Wheel blanks were then premachined for airflow testing and
mechanical property test specimens were removed from excess
stock areas. Airflow testing was completed by AiResearch, and
the mechanical property testing was completed by Joliet Metal-
lurgical Laboratories and Metals Technology, Inc. (Actual test

results are given in Section III).

Machining of Test Wheels

The blade profile machining was completed by Atlas Tool,
Inc., Detroit, Michigan, in accordance with the AiResearch
M.O.T. Final grind and balance was completed at AiResearch,
Phoenix. Figures 80, 81, and 82 show the finish machined
wheels, Serial Nos. 1, 2, and 3, respectively.

Cost Analysis Studies

A manufacturing cost estimate has been prepared for the
fabrication of the cooled laminated radial turbine wheel (Part
3551760-1) in production quantities of 50 wheels per month. The
costing was based on material and fabrication costs obtained
from the preparation of manufacturing operations sheets, utiliz-
ing current production standards and 1980 rates.

The fabrication process utilizes 24-inch-square sheets for
the photoetching process, which results in four 12-inch-square
sheets, each containing four laminates. Utilizing the 12-inch-
square photoetched sheet, the laminates are processed through
the bond alloy application operation and the laminate wheel
bonding operations in multiples of four. The end plates are
bonded to the laminate wheel stacks during the laminate bonding
operation, four at a time. Bonded wheel stacks are processed
through the aging heat-treatment cycles 12 at a time. Machining

setup times are based on a lot run of 50 wheels.
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Figure 80. Finish-Machined Rotor No. 1.
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Mate r1a i Can: catIurr Purchase. To: al

1,aminates $1,575 $ 575 -- $2,150

Plating Bond Alloy $ 1$200 -- $ 200
Appp i cat i on

End Plates $ 225 $ 25 -- $ 250

Assembly Bond , Heat -- $ 150 $250 $ 400

T r e a c

Final Machine & Test $1,250 -- $1,250

$1,800 $2,200 $250

Estimated Total Cost $4,250
to the Government Per
Wheel (1980 Dollars)

The major cost drivers in tihis cost breakdown are he
Astroloy material costs and the final machining costs. The ECM
blade profile machining assumes the use of an advanced 3-D
process, and further development will be required for the radial
wheei prior to production.

Further cost reductions are aetinitely possible, including
the following:

0 The use or a partial etching process will permit the
use of th cker Astroloy sheet. Thus, fewer laminates
will reduce cost. The use of fewer laminates not only
affects material cost but requires fewer bond joints
per wheel.

* Cabot-Stellite, the rolling mill supplier, has indi-
cated that the Astroloy sheet rolling capability
required for precision laminates is well within
industry standards and capacity, and production
scale-up should yield a cost-competitive product cver
that assumed in the estimates.

0 In addition, a 33-percent reduction in the total
number of laminates for the radial wheel is possible
by using a one-piece end plate on the inducer side
finish machined with 14 inlet holes and a one-piece
end plate on the exducer side with a solid uncooied
blane trailing edge.

0 The bond alloy applicatioR, costs would be further
reduced over the Borotuse R process with the use ot
a plating process that is currently in development.
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SECTION V

PHASE III - MECHANICAL INTEGRITY VEitIFLCATION

AIRFLOW TESTING

An in-process airflow test of the laminated radial wheel
was completed prior to the final blade profile machining, as
shown in Figure 83. A minimum flow variation blaae-to-blacie of
±4.2 percent on Serial No. 2 rotor and ±3.5 percent on Ser-al
No. 3 rotor was achieved. Figure 84 shows that there is less
than 2-percent difference in the flow between Serial No. 2 and
Serial No. 3 rotors. A check ot the Seria' No. 3 rotor indi-
cates less than ±3 percent flow variation blade-to-blade after
final machining. This compares favorably to cast inserted
blades, which have an allowable variation of t10 percent. Also,
zero leakage was demonstrated witr the blade cavity air pres-
surized in a submerged water tank test. This simple in-process
test procedure has established the overall integrity and con-
formity to the design of the cooled rotor prior to final blaoe
profile machining.

WHIRLPIT TESTING

A series of tests was conducted in a whirlpit test facility
to assess the mechanical integrity of the t.iribine wheel.

Stresscoat Test

The purpose of the Stresscoat test was to evaluate regions
of high stress concentration in the rotor. This test was con-
ducted in the whirlpit test facility at reduced speeds (50 aria
55 krpm) and under carefully controlled temperature and humidity
conditions. The stress patterns developed are shown in Fig-
ure 85 and occur primarily in the blade fillets. Small local
stress concentrations occurred on several blades in the inducer-
tip region of Serial No. 2 rotor. These concentrations corre-
lated with known Zyglo and p)orosity indications previously
established on the rotor.

Growth, Overspeed, and Burst Test

The laminated wheel was growth tested to determine the
response of the wheel structure to overspeed conditions and to
evaluate the burst speed margin. The results of the growth,
overspeed, and burst tests are presented in Figure 86, where
total diametral-bore growth has been plotted as a function of
speed. A maximum total growth of 0.008 inch occurred in the
bore under the inducer portion of the disk.

164

_ _ _ _ _ _ _ -



Figure 83. Blade Airflow Test Setup.
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Figure 85. Stresscoat Test Result, Serial No. 2Rotor.

167



020

.018

.016-
.U BURST

-SPEED
Z .014

- 012

.010

008 ,

.006 -

C14

002 LQ MID SPAN

£\ LOCATION OF MAX GROWTH

0 T I I I I

40 50 60 70 80 90 100

WHEEL SPEED - RPM X I0-3

Figure 86. Radial Wheel Growth, Overspeed, and Burst
'rest Results.

168



It is theorized that the low transverse ductility in the
bore of the laminated test rotor contributed to the reduced
burst speed by not permitting local yielding and redistribution
of the peak load. In subsequent rotors, optimization of the
bond process and hot isostatic pressing to heal locally unbonded
areas more than doubled the transverse ductility in the bore.
The burst test established the minimum burst speed for a minimum
property rotor, but subsequent rotors are expected to have a
higher overall burst margin. Figure 87 shows the reassembled
fragments after burst grouped in the proper orientation to show
a three-piece hub burst (Sections A, B, and C). The delamina-
tions occurred on secondary impact with the whirlpit liner.
Figure 88 is a view of the reassembled fragments from the inlet
and exducer sides of the rotor. A three-piece hub burst
occurred, which is typical of a homogeneous isotopic material,
and post-test mechanical properties were verified in the bore.
The actual burst speed was 92,200 rpm, 126 percent of the design
speed, which is below the design burst speed of 131 percent.

Six-Thousand-Cycle Test

A cyclic test in the whirlpit was conducted to evaluate the
mechanical fatigue strength of the laminated turbine rotor.
Since the proper thermal gradients in this wheel cannot be
duplicated except in an engine environment, only the mechanical
(centrifugal) loading was generated. Overspeed cycles were used
to compensate for the lack of thermal environment and to provide
a meaningful test in 6000 cycles at room-temperature conditions.

The speed increase which accounted for thermal stresses was
computed by knowing the peak centrifuqal stress in th2 bore of
the disk, which was 141 ksi. The stress at this location
increased to 175 ksi when steady-state thermal stresses were
included. Because stress is proportional to speed squared, the
required whirlpit wheel speed was/ ,'8 / 175

N = (73, 380) i-.) = 81,750 rpm

The maximum stress in the bore occurred at 1000 0 F and only
LCF property data for Astroloy at room temperature and 1200OF
was available. LCF properties at 1000*F were estimated based on
a linear interpolation between the room temperature and 1200'F.
Examination of LCF data from various other superalloys showed
that there was very little difference in the LCF capabilities of
the various superalloys. The basic difference in the LCF
strengths for the different materials occurs in the very low
cyclic-life ranges. Figure 89 shows the LCF properties for
IN718 plotted as a function of temperature, with data available
for room temperature, 1000*F, and 12000 F. LCF data for Astroloy
at room temperature and 1200*F was superimposed onto this curve
and cyclic life estimates for different temperatures were calcu-
lated. By crossplotting this data from Figure 89, a pseudo
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Figure 87. Laminated Radial Turbine, Serial No. 1 ,
ReasL~CJIuled Frayme-nrs Al ter Burst Test-
3-P1iece Jiun Burst. Arrows Denote Matina
FractUrEC Surfaces.
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Figure 88. Laminated Radial Turbine, Serial No. 1,
Reassembled Fragments After Burst Test -

3-Piece Hub Hurst.
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alternating stress - cyclic life curve was generated at 1000OF
(Figure 90). The speed correction for the whirlpit test was
then computed using this curve at the required 6000 cycles of
LCF life.

/i(310)
N = (81,750) 2 = 86,796 rpm

Serial No. 3 radial laminated turbine rotor was cycled in
the Site "B" whirlpit facility in Torrance (shown in Figure 91)
and at a speed range from 8700 to 87,000 rpm. An automatic
controller was used to continuously cycle the wheel, and the
cycles were recorded on a recording strip chart. A sample of
the strip chart recording is included in Figure 92. The average
cycle time was 75 seconds. Initially, overspeed and growth
tests were performed up to 88,000 rpm and the inducer tip
diameter and bore diameters were recorded. After measurable
bore growth had been observed, the maximum growth along the bore
was recorded. A maximum diametral bore growth of 0.006 inch
occurred at 0.80 inch from the inlet side of the wheel at
88,000 rpm. In Figure 93, the maximum diametral growth of the
bore versus wheel speed is plotted and is comparable to the
previous growth test performed on Serial No. I wheel. A Zyglo
inspection (AiResearch specification EMS-52309, Class I) of the
rotor was conducted and dimensional inspection completed to the
following intermediate inspection schedule:

Inspection Completed Cycles

1 1
2 10
3 35
4 100
5 200
6 350
7 500
8 1000
9 2000

10 4000
11 6000

All intermediate and final inspections indicated the rotor
stayed in perfect condition throughout the test with only
negligible changes in the bore and inducer tip diameters
(±0.0001) and with no apparent Zyglo indications.

A preliminary cycle test was conducted on the Serial No. 2
rotor up to 100-percent design speed to check for a change in
the blade porosity indications and stress concentrations identi-
fied in Zyglo and Stresscoat. Dimensional and Zyglo inspections
at 1, 10, 35, 100, 200, 350, and 500 cycles were completed. No
change occurred in the porosity indications; a slight change
occurred in the bore and tip diameters (±0.0002 inch); and Zyglo
inspection showed that the bore and disk were clean and free of
defects.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

This program has demonstrated the feasibility of manufac-

turing a small high-temperature, cooled, radial turbine uti-
lizing the AiResearch laminate process. It has also proven that
the turbine wheel has good integrity and should be given serious
consideration for application to an advanced turboshaft propul-

sion engine. It is recommended that this manufacturing method
be further developed by carefully incorporating further cost

reductions with no sacrifice to the high performance or

mechanical integrity achieved as follows:

* Bond Process Cost Reduction

Bond process development is recommended using

advanced materials with higher stress rupture proper-

ties than Astroloy. The potential for cost reduction
exist3 in the laminate bonding process by combining a
higher temperature bonding cycle with alternate

materials such as AF2-1DA and MAR-M 247, and with a

reduction in the quantity of laminates requiring the

bond alloy coating system.

* Ductility Improvements

Optimization of the bonding material systems, bond

cycle, and heat treatment is recommended to further
increase the transverse ductility of laminated struc-

tures. The objective being to further increase the
durability and life of a cooled laminated turbine at

even higher turbine operating temperatures.

An aerodynamic test of the cooled rotor is recommended
primarily to establish the )erformance effects of rotor coolaq
flow and secondarily to determine the effect on overall perform-
ance rf the increased exducer blockage. Heat-transfer testinq
shoulJ be conducted either in a high-temperature turbine rig or

in a gas generator to correlate predi-ted characteristics with

actual test results. Testing in a high-temperature environment

should be conducted to further establish confidence in the wheel

integrity and to determine life characteristics.
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APPENDIX A

MATERIAL SPECIFICATION
THIN GAUGE ASTROLOY SHEET FOR

LAMINATED STRUCTURES

1.0 SCOPE

This specification is intended for use in procurement of
Astroloy sheet stock of sufficient quality to enable the user to
fabricate laminated structures with reasonable assurance of
freedom from material-induced defects.

2.0 APPLICABLE DOCUMENTS

2.1 Government Specifications - None

2.2 Non-Government Documents

The following documents form a part of this specification

to the extent referenced herein.

2.2.1 AiResearch Specifications

EMS 52338, Revision A - Photochemical-Machining-Quality
Thin-Gauge Superalloy Sheet.

3.0 REQUIREMENTS

3.1 General Requirements

The supplied sheet-metal stock must meet all the following
requirements.

3.1.1 Character or Quality

Uniform, precision tolerance sheet stock, free from mechan-
ical damage or contamination, must be obtained.

3.1.2 Formulation

The material shall conform to the following chemistry:

Percent
Carbon 0.03 - 0.09
Manganese 0.15 max.
Sulfur 0.015 max.
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Percent

Phosphorus 0.015 max.
Silicon 0.10 max.
Cobalt 16.0 - 18.0
Chromium 14.0 - 16.0
Molybdenum 4.5 - 5.5
Titanium 3.25 - 3.75
Aluminum 3.75 - 4.25
Boron 0,02 - 0.03
Iron 0.50 max.
Copper 0.10 max.
Zirconium 0.05 max.
Nickel Remainder

3.1.3 Product Characteristics

The product shall be clean, flat sheet metal of uniform
thickness, free from pits, dents, buckles, wrinkles, or other
defects. It shall meet all requirements of AiResearch Specifi-
cation EMS 52338.

3.1.4 Chemical, Electrical, and Mechanical Properties

3.1.4.1 Chemical Properties

Not applicable.

3.1.4.2 Electrical Properties

Not applicable.

3.1.4.3 Mechanical Properties

Specimens shall be machined transverse to the rolling
direction and heat treated as follows:

*2150 0 F (2 hrs)

1950OF (4 hrs)
1550°F (24 hrs)
1400°F (16 hrs)

*Use a temperature -10°F less than the gamma prime

solvus, as determined empirically.

Tensile testing shall be conducted at room temperature and
1400*F along with stress-rupture testing at 1400'F/80 KSI and
1800°F/20 KSI. Test results shall be reported.
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3.1.5 Environmental Conditions

Not applicable.

3.1.6 Stability

Not applicable.

3 1.7 Toxic Products and Safety

Not applicable.

3.1.8 Identification and Marking

Coils or cut lengths shall be securely bundled and identi-
fied with this specification and lot number, by a durable tag
attached or on the tape used to bind the col or stack. The
material shall then be boxed for shipment in a manner to prevent
contamination or damage.

Material shall not be identified by marking with inks,
paints, or any other material directly on sheet surfaces.

3.1.9 Workmanship

A high quality of workmanship, as evidenced by surface
finish and other features described in Section 3.1.3, must be
maintained.

3.2 Qualification

Qualification of material shall be determined by AiResearch
through such testing as deemed necessary to ensure the suitabil-
ity of the produced material for incorporation into laminated
structures.

3.3 Differentiating Requirements

Not applicable.

4.0 QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for Inspection

Unless otherwise specified in the contract or order, the
supplier is responsible for the performance of all inspection
requirements as specified herein.

4.2 Special Tests and Examinations

Not applicable.
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4.3 Quality Conformance Inspection

Sheet material shall be inspected for conformance to
Section 3 of this specification by means of physical measurement
devices appropriate to the characteristic being measured (dimen-
sion air thickness tester, profilometer, etc.).

4.4 Test Methods

Testing shall be accomplished in accordance with applicable
ASTM and/or AiResearch specifications.

5.0 PREPARATION FOR DELIVERY

Preparation for delivery shall include all steps identified
in Section 3.1.8. In addition, individual sheets or coil sur-
faces shall be separated by placing clean paper between each
sheet or coil layer.

6.0 NOTES

None.
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APPENDIX B

PROCESS SPECIFICATION

1.0 SCOPE

The scope of this specitication is to include, but not
necessarily be limited to, the fabrication of an internally
cooled, laminated radial turbine wheel constructed of Astroloy
sheet stock, joined by an activated diffusion bonding process,
and machined to final dimensions. This specification may also
be applicable to other similar laminated structures.

2.0 APPLICABLE DOCUMENTS

2.1 Government Documents

None applicable.

2.2 Non-Government Documents

The following documents form a part of this specification
to the extent referenced herein.

2.2.1 AiResearch Soecifications

PC5021, Rev. B - Photochemical Machining of Shapes from
Superalloy sheet.

EMS 52338, Rev. A - Photochemical-Machining-Quality Thin-
Gauge Superalloy Sheet

3.0 REQUIREMENTS

3.1 Equipment

3.1.1 Dry (dew point of -650 F or lower) argon or helium gas and
manifolding, as required.

3.1.2 Assembly and bonding fixtures as required to hold align-
ment, flatness, and parallelism of the laminate stack during the
bonding operation.

3.1.3 A method capable of heating and unit loading the laminate
stack to the bonding temperature at the required heating rate
and unit pressure, and compatible with power supplies and
vacuum furnace chamber design.

3.1.4 A vacuum chamber of sufficient size and pumping system
gas load capacity to meet the bonding requirements.
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3.2 Materials

3.2.1 Astroloy sheet stock, 0.020 inch nominal thickness per
Material Specification.

3.2.2 Solutions listed below to commercial quality standards
for photoresist coating, stripping, and cleaning, unless other-
wise referenced in PC5021.

(a) Dupont Riston No. 1220 Dry Film Photoresist or equiva-
lent

(b) Kodak Micro-Resist Thinner - photoresist thinning
solution

(c) Kodak Thin Film Resist (KTFR) - photoresist solution

(d) Developer solution - Kodak developer or Stoddard
equivalent

(e) Hydrochloric acid (muriatic acid)

(f) Methanol

(g) Freon TF solvent

(h) Caustic permanganate solution

(i) Hydrofluoric/nitric acid solution

(j) Alkaline steel cleaner - Wyandot F.S. or equivalent
solution

(k) Deionized water

(1) Turco Caviclean No. 2 soap solution

(m) Batco No. 44 photoresist stripping solution

(n) Trichlorethane 1,1,1 developer solution

3.2.3 Solution for chemical milling and chemical machining, as
referenced in AiResearch Specification PC5021.

3.3 Required Procedures and Operations

3.3.1 Photochemical Etching (Blanking) of Laminates

3.3.1.1 Laminates shall be prepared by means of photochemical
etching per AiResearch Specification PC5021, attec the sheet
material has been chemically milled to the required thickness
ind surface finish per PC5021.
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3.3.1.2 Bore diameter of the laminates will be used for gauge
purposes, unless otherwise specified.

3.3.2 Laminate Detail Preparation

3.3.2.1 The individual laminates shall be visually inspected at
up to lOX magnification for defects. Those having defects that
exceed the allowable limits of size and location will be
rejected (see Figure B-l).

3.3.2.2 A full-size map of each laminate shall be prepared,
recording location and size of any minor surface defects and
identifying the condition (coated or bare) and position of the
laminate in the turbine wheel assembly.

3.3.2.3 All laminates for use in the turbine wheel shall be
cleaned and packaged per the following procedures prior to final
assembly for bonding.

3.3.2.3.1 Chemical cleaning procedure: Place laminate details
in parts cleaning racks and process through the following steps,
allowing the time indicated for each step.

(a) Vapor degrease for 15 minutes.

(b) Immerse in Alkaline steel cleaner at 180'F, with air
agitation, for 30 minutes (no cathodic or anodic acti-
vation allowed).

(c) Spray rinse with tap water.

(d) Immerse in 20-percent hydrofluoric/nitric acid for
30 seconds.

(e) Spray rinse with tap water.

(f) Immerse in caustic permanganate at 180 0 F, with air

agitation, for 3 hours.

(g) Immersion rinse in 2 drag-out tanks, in sequence.

(h) Spray rinse with deionized water.

(i) Immerse in 80 percent muriatic acid for 5 minutes.

(j) Spray rinse with deionized water.

(k) Immersion rinse in deionized water for 10 minutes.

(1) Spray rinse with deionized water.

(m) Water-break-free test each detail, taking care to
handle lamLnates with clean metallic tongs.
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in) Repea t S teps ()thr ough1 (m,) Itax any ae ta iI.s (2x 1,1bi1t-
inq water-break indicat ions;.

(0) Dty lai~rz;in a circulating air oven prior) to Pac(--K
aging in cLeAn prutective wrap, taKing carte to itanul:,
all laminiate; wit:;lntte nylon gloves.

3 .3. 2 . Jr . ai ei Uue0 C wan sn!g y -,'O U Cr e: This proceda,_r -
1 appi : -",e to a 1 t u I ')I e 1ue !A Dan n etai1s , pr ior toc.

Borse J coatLi ng. Note that tn i : is a clean room activity anci
a Il le ani nes SprI.c e CAriS spec i ti-d i n AiResearch Clie an ing
Speo-iLi c a t ion C.-3 8 an(, F1%lb-STD-209 , 100,000 level cle-an room
>;tanuards, must Ibe ob~served.

'a lmmer_ cc in Tuirco Caviclean No. -1 at L40 0F, wit:,. utra-

sonic acitanrton tor 6 minutes.

(b) Rinse with deionized water.

(c) Immerse in 81U-percent mnur,,at ic acid tor 5 minutes.

(d) Rinse with deiLonized water.

(e) Conduct water-break-tree test of each detail. Repeati
Steps (a) t nr oug h (d) itf a water-break cona it ion

ex i S t.1

(1) Dry in circulatingj hot air o)ven,

(g) Rinse with fr-eon TF virg in solv'_nt.

(h _ondUCt particulate materral rinse test of each iack
of 10 details. No ajetectanle material allowed.

i) Cnnduc t nonvola i Le e s Id La I (NVR) test tnl
10 details per 1000 ml (I 1 tei) ofl solvent. iTh(, max-
imum permissible NVR is .25 m g. Repeat Steps 3/
tnirough ( i) it this limit in exceedea.

j Packiage lami nate detai i_, h in n, Ioun t! 11 m b an- ran~a oa
w Jtn tape.

1.3 .2.4 Those Laminates to be coated snall he sent -t) Mater a!i
Drevelopment Corp., Medftord, Mass, for coating w th '~rfs
p roc e s. Bc'- -)r, eve:; ha meet a 0 .6046 gin I n- O . 00 i
requirement. The vendor will be instructed to handle 1 mnine nte:
wi th clean, Ii nt-i ree gloves or cI i a: metallIic tongs, ano no,
f urther cLeaning wil. be permi ttedl.

.3i. 2 . 7) bar: na t.:; reotur n ing t r in t oat,,ng v(ndoi snt I In
i ns j)-c:te(: d f or bo(ron lovol and possible contanminat ion pi or t o
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final assembly. This shall be accomplished by destructive exam-
ination of test samples, which shall accompany every shipment,
lot, or run through the vendor's process. In addition, coated
laminates shall repeat cleaning steps (g) through (i) listed in
3.3.2.3.2, organic residue cleaning procedure, prior to final

assembly.

3.3.3 Assembly

3.3.3.1 The laminate details, assembly tooling, bond tooling,
thermocouples, and any required tools shall all be cleaned and
handled to preclude any contamination of the assembly area or
the laminate assembly.

3.3.3.2 The bond tooling, a sufficient number of new Type K
thermocouples, and the laminate details shall be assembled in a
clean-room environment. This assembly shall either be immedi-
ately bonded or sealed in a nylon film bag until such time as
the bonding can take place.

3.3.4 Bonding

3.3.4.1 The laminate stack and bonding assembly shall be placed
in the vacuum chamber, along with the required loading, heating,
and temperature measurement devices, and the chamber sealed.

3.3.4.2 The vacuum chamber shall be pumped down to a pressure
,l.0 x 10-4 Torr prior to starting the bonding heat cycle and
maintained at a pressure level <1 x 10-4 Torr throughout the
bonding cycle.

3.3.4.3 The bonding cycle shall consist of heating to -1400*F,
holding for an outgassing period, followed by a steady heating
rate of 150F/minute to the specified temperature (2150*F), with
a 2-hour hold at this temperature. At this time, dry argon or
helium gas may be used to cool the turbine wheel to approxi-
mately ambient temperature, at which point the furnace will be
unloaded and the bonded turbine wheel removed from the bond
tooling.

3.3.5 Heat Treatment

Following the bonding operation, additional heat treating
will be performed according to the following schedule.

3.3.5.1 Solution treat in a vacuum at 21300 F. Hold at this
temperature for 2 hours, followed by inert gas fan cooling at
50°F/min to less than 1400 0 F. Continue to cool to approxi-

mately ambient temperature.

3.3.5.2 Stabilize in a vacuum at 1975 0F for 4 hours, followed
by inert gas fan cool to ambient temperature.
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3.3.5.3 Age in a protective atmosphere at 1550OF for 4 hours,
followed by equivalent air cool to ambient temperature.

3.3.5.4 Age in a protective atmosphere at 1400OF for 16 hours,
followed by equivalent air cool to ambient temperature.

3.3.6 Inspection and Nondestructive Evaluation

After heat treatment, sequential testing will be carried
out to ascertain the integrity of the bonded turbine wheel.

3.3.6.1 Dimensional inspection will be performed to determine
if flatness, parallelism and thickness are within allowable
limits.

3.3.6.2 Visual inspection for evidence of excessive flow will
be performed.

3.3.6.3 Ultrasonic inspection for areas of disbond or other
potential defects will be performed (using the techniques
developed on the ultrasonic calibration standards) and 'C' scan
records made, including areas of the bonded turbine wheel which
contain synthetic defects.

3.3.6.4 Mechanical and metallographic test specimens will be
taken from areas of excess stock in each bonded turbine wheel
(bore area in an axial orientation and areas outside the blades

31 in a radial orientation). Results of mechanical property test-
F ing will be recorded and maintained.

3.3.7 Machining

The aerodynamic blade machining profile will be duplicated
on the program turbine wheels. Electrochemical machining (ECM)
may also be used. Machining steps are identified in AiResearch
M.O.T. 3551760-1.

3.3.7.1 Airflow Inspection

The cooling passages of the turbine wheel shall undergo a
bench airflow test to verify design flows and pressure losses.
Each blade flow channel shall be flow checked independently and
evaluated for repeatability. This inspection shall be carried
out after rough machining. Final machining will be carried out
only after acceptable airflow is established.

3.3.8 Post-Machining Inspection

3.3.8.1 Each finish-machined turbine wheel shall be dimen-
sionally inspected and dye penetrant inspected for evidence of
cracking or delamination. Radiographic inspection of the blades
may also be performed at this time.
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3.4 Recommended Procedures and Operations

The substitution of a hot isostatic pressing (HIP) opera-
tion in place of Step 3.3.5.1 is recommended. Parameters are as
follow: HIP in virgin argon gas at 2130OF and 22,500 psi pres-
sure for 3 hours. Cool at -50F/min to less than 1400 0 F. Con-
tinue to cool to ambient temperature.

3.5 Certification

Not applicable for initial 3-rotor fabrication effort.

4.0 QUALITY ASSURANCE PROVISIONS

The following tests and examination are to be performed to
ensure process conformity to the requirements set forth in
Section 3.

4.1 Etchant Quality

Prior to the chemical milling of an Astroloy sheet lot, the
etching rate and quality of surface finish shall be determined
by chemical milling a sample from the same lot of sheet, and
comparing etch rate and surface finish to the specifications and
reference photographs set forth in AiResearch Specification
PC5021, Rev. B.

4.2 Laminate Detail Quality 31

After photochemical machining, the laminate details or the
corresponding maps shall be checked against an allowable defect
size and location chart (Figure 1) to ensure that no undesirable
features are incorporated in the turbine wheel.

4.3 Cleanliness and Bond Coating

Prior to bonding the laminate detail stack, NVR test
results must conform to the requirements set forth in Section 3.
The test samples which accompanied the Borofuse® coated lam-
inate details through processing must be destructively examined
and meet the requirements set forth in Sections 3.3.2.3.2 and
3.3.2.4, as well as demonstrate a contaminant-free interface
after bonding.

4.4 Bonded Rotor

Prior to machining of the bonded turbine wheel stack,
results of dimensional, visual, ultrasonic, and mechanical
property testing must be examined for conformance to the appli-
cable limits as set forth in Section 3 or the supplied inspec-
tion document.
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4.5 Machined Rotor

Before release of the turbine wheel for performance test-
ing, the results of dimensional, dye-penetrant, radiographic and
bench airflow inspections must confirm that the rotor is within
the design limits.

4.6 Responsibility for Inspection

Unless otherwise specified in the contract, AiResearch is
responsible for the performance of all inspection requirements
as specified herein. Unless otherwise specified, a subcontract
supplier to AiResearch may utilize his own facilities or any
commercial laboratory acceptable to AiResearch Quality
Assurance. The Government reserves the right to perform any of
the inspections set forth in the specification where such
inspections are deemed necessary to assure that supplies and ser-
vices conform to prescribed requirements.

4.7 Monitoring Procedures for Equipment Used in Process

Equipment used in the process shall be inspected for proper
function and/or calibration at established intervals, and in
addition, at any time when difficulties in the process suggest
that equipment malfunction may be a contributing factor.

4.8 Monitoring Procedures for Materials

All materials used in the process shall be inspected for
quality and suitability for use upon initial receipt and at any
time when difficulty in the process suggests that material may
be a contributing factor.

4.9 Certification of Operators or Process Technique

Not applicable to initial research and development effort.

4.10 Test Methods

All testing of materials subjected to this process shall,
when applicable, be in accordance with ASTM specifications
and/or AiResearch specifications, as necessary, to determine
that the process has been properly performed.

5.0 PREPARATION FOR DELIVERY

This section is not applicable to this specification.

6.0 NOTES

6.1 Intended Use

The intended use of this specification is the fabrication
of a laminated turbine wheel as described in Section 1.
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IN CODE IDENT NO.1 SPECIFICATION NO. REV LTR
PROCESS SPEC IF ICATIO 99193 r'C502

I IN13 iltlON3.8 Clean, temperature- and humidity-control-
led area for appliration and developient of

I . l hi t.ocfitrion describ s the pro- photo-resist.
ii furo isolutios, imate rial, and I ipmnt

T- -t olhemical ta hiiing ft lel-base 3.9 Dry-film laminator.

ssuch as Astroloy in( Was,,iloy,

i~ fctform. 3. 10 Dupont "A' j.rocesscr for dry-filmI
I r wo methods of photo-resist apphica-

* L ato covered. Each method has
a I nta-; S for particular georietries and

* matrials. Unless otherwise 'ipecif ted, 4. MAEIA'
eithe motod i acce'ptable.

4 .1 Photo-resist solution - KTFP (Korfak Thin
2. APCABLE DOCUMENTSN Film Resist).

2.1T, following documents forej a Dart 4. 2 'licrn-lResist thinner -Kodak.

othis specification to the extent
rereneed herein. 4.3 Developer solution - Kodak or Ftoddard

Sol,.,:: t .
2.1 ARlescarch SoeIcifications

4. 4 ~l 'charnt solution - hiih-quality FeCl 1 ,
44-4r 'B,, wi th additions of Nid 2 and IJCI.
as ntecessary to achieve a smooth, unifornly
etched surface, as detailed in Appendix T.

U'1PA2 338 - lhotoietrhino-Cuality Thin- 4.5 Striopini solution - rsatco '44 or

G;auge Sulieralloy Sheet equivalent.

i. 11' tAt. EQUIP!i1NT 4.6 "vlar ohotci,ogqat'.'e tooling.

.1 Phcoto-resist dip ccoatina tank with 4.7 Dry-film photo,-resist, Dupont Piston
con trol Ifod-spieed w it hd rawalI. *1220 or eouivalent.

3. 2 Infrared drying oven with temperature 4.8 Developier solution - l,i,1-trichirro-
controls axnl variahi c-speed conveyor ethanie.
s1.stem. 311 I-Quartz Corp.)I

5. (1ENERAL I NFiORMATION
3. Fx:'osure system for polymerizint

V t-ruSst coating. 5.1 The purpose of this process is to pro-Ivide dimensionally accurate, smooth-walled
IDe'elo;oingi tank otrovidnr mild parts. Process steps outline,! herein have

al~tation aid contaminant- free solution demonstrated ability to produce acceptable
thoaj, t solid particles (use filter and parts; however, deviations from this process

r.'cir-xil ii;~ pump). are permitti as long as th-? re,:uired
dimensions and surface finish are obtain(-d.

I.S ..-etching facility IChemcut
- r with nozzle motion, coiivior 6 . MA'.;UFACTUI*gO, oPEPATION

iter inse.6.1 Method 1
31 ::,. 2 Zahn cup, for vi*scosity de-
ti:iinatioi of photo-resist solition, 6.1.1 Material of ouality conformino t,)
or other suitable measurement de vice. Fdt55233l shall be used.

Conivection-heated oven for drying 6.1.2 Punch holes in four corners of sheet
arts, to facilitate handling.

FORM P5704-2 PAGE 3
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PROCESS SPECIFICATION 99193 PC5021

6.1.3 Clean sheet in accordance with
the followinq procedure. (Note handling 6.1.9 Bake sheet for 20 minutes at 250'F
precautions under Process Control section 15 in a convection-heated oven for maximum
of this specification.l toughness of the photo-resist coating. If

maximum toughness is not required to prevent

~ VAE ~ resist breakdown, a two-hour air-dry cycle
may be substituted; this alternate drying
cycle will allow easier stripping after

Cu. LZIOLA etching.

so0 Cu"~ 6.1.10 Calculate time necessary to etch
W11 through sheet, using thickness of stock and

P. Aetch rate determined by previous measurements
T" P.oECr on a sample part. Set conveyor speed on

etcher to allow part to "drop out" in two
passes through the etcher, alternating

SO, MVOIATiCii AT° sides of the sheet and turning 90* between
M 10. passes. Several short-duration passes may

icnb T s he necessary to establish total etching
I T0 ciimni" time required on a "first-article" basis.

Dimensional inspection of the part is to be
used to determine when etching is complete.

6.1.4 Strain out solid particles 6.1.11 Parts

larger than 25 microns diameter im- shall be stripped after etching is complete.
mediately prior to use of photo-resist Immerse parts in Batco 044 stripping solu-
solution. Dip coat the sheet with tion for a period of time sufficient to lift

photo-resist. The photo-rvsist vis- photo-resist from surface, then rinse with

cosity must be maintained at 0.30 water spray and methanol rinse, followed by
sinutes/#2 Zahn cup. Withdrawal rate air dry. Note that bare metal surfaces are

should be 11-12 inches per minute (30 again exposed, and care must be used to

setting on Gyrex dip coater), avoid contamination of surfaces.

6.1.5 Bake sheet in an infrared oven at 6.1.12 Inspect parts for dimensions andsig12 nspot-rits bradown.neons ad
250*F nominal, and 18 setting (11 in/min) signs of photo-resist breakdown. Segregate
conveyor speed. Temperature may be and identify rejects and finished parts.

adjusted 10' higher or lower to compen-
sate for surface finish and thickness of Wrap parts in clean, white

sheet. Dark surface finishes require tissue paper, and place in a sturdy contain-

the lower temperature, as do thinner sheets; er, along with the applicable paprrwork.

shiny surfaces or thick sheet reuvire higher 6.2 Method 2
temperatures. Once the required temperature
level has been established for each particu- 6.2.1 Material of quality conforming to
lar lot of sheet, the temperature must be 6.21 a l be ued.

controlled ±2.5' during the bakina process. EMS52338 shall be used.

Sheets should be baked twice, as required, 6.2.2 Punch holes in four corners of sheet
for best resist adhesion without promotion
:)f heat-foged areas. to facilitate handling.

6.1.6 Thick sheets, or the presence of 6.2.3 Clean sheet using the same procedure

dust particles, necessitate double dipping. specified for Method 1. (Note handling

Sheets which are to be doubled-dipped precautions under Process Control section

should be turned top to bottom (1800) prior of this specification.)
to second coat to achieve a uniform coating
density. After dipping, repeat the bake
cycle above.

6.1.7 Expose sheets, usino appropriate
tooling, on the exposure table,
making sure that vacuum holds tooling
flat against sheet. Set exposure table
at 3 cycles and 46 inches per minute (30
settinql. This exposure promotes adhesion
,nd full cure e)f photo-resist coatinq.

6.1.8 Remove sheet from lilht table, and
place in develoieer for 2 minutes, then
rinse thor,,ughly with water spray. If
defect lye resiqtAmages apnear at this
point, st'r ish et and repeat procedure,
startin.i wih the cleaning operatioli.

FORM P5704-2 + PAGE 4
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APPENDIX I

RE:QUIRED SURFACF FINISHl, UNIFORMITY AND APPEARAN~CE OF F:TCPI;B
SURFACES FOR P11OTOCIIEMICAL M4ACHINI J( AND CEE!:,IICAL MIILLING -

ASTPOLOY AND WASPALOY

1. It is~ necessary to obtain smooth, even etching in both chemnical

millin~i (thickness reduction) and photochevnical machining (chemical

blankinq) oierations. If an even etch is not obtainedl, dimensional

tnieran(-on- cannot be met, and scrap rates will approach 100',.

1.1 Always run a sample of the material to be etched prior to runolinq

thec )arts. Do not run parts urless the required etching quality has been

obtained on the sample.

1.2 Ty ,ical Etchant Solution:

10!1 by volume FIC1 at 200 Be

Balance FeCl3 , 6H 20 at 44-46' Be

(Additional 11C1 or NiCI2 as necessary)

2. The following ,hotograj)hs (Figures 1-12) shall be used as a qiuide for

accelptable surface finish, ae3.earance, andl unifority.

PAGE 7
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LIST OF SYMBOLS

Acr Critical velocity

Cp Specific heat

E Elastic modulus

g Gravitational constant

H Isentropic specific work

J Mechanical equivalent of heat

K Rotor exit mean-to-inducer-tip radius ratio

KT  Stress concentration factor

MNR Relative Mach number

N Rotational speed

N s  Specific speed

N/v'0 Corrected speed

PRt-t Total-to-total pressure ratio

Ps Static pressure

Q Volume flow rate

R Minimum stress
Maximum stress

R e  Reynold's number

R e,base Base Reynold's number of specific speed curve

R H3 Rotor exit hub radius

R T3 Rotor exit tip radius

RM Rotor exit mean radius

S W )  Standard deviation of x

T Temperature

U Rotor wheel speed
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LIST OF SYMBOLS (CONTD)

0 t3 Rotor exducer tip wheel speed

U2  Inducer tip speed

V Absolute velocity

V Meridional velocityM

VR  Absolute radial velocity
Vu  Absolute tangential velocity

V Absolute axial velocity
x

W Relative velocity

Wc Cooling flow

Wp Rotor inlet primary flow

Wu  Relative tangential velocity

W/ Inlet corrected flow

Z tip Axial distance along rotor tip
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LIST OF SYMBOLS (CONTD)

GREEK SYMBOLS

Absolute flow angle

A Relative flow angle

E7 Total strain range

3H Stage specific work

, H/H Corrected stage specific work

1r Total stress range

LS Change in entropy across rotor

Y Ratio of specific heat

0 t Total efficiency

qt,base Base total efficiency from specific speed curve

Y t-t Total-to-total efficiency

ST Stage work coefficientSTG

Ideal rotor inlet work coefficient (from slip factorcriteria)

2,OPT Optimum rotor inlet work coefficient (with tip speed
limitation)

A3M Rotor exit mean work coefficient

WInterstage duct loss coefficient with swirl

min Minimum interstage duct loss coefficient
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